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PREFACE 

This report is prepared as a part of an ANL Flow­
induced Vibration Program in support of the Clinch River 
Breeder Reactor Plant (CRBRP) steam.- generator de sign 
activity. 

In the U.S., several LMFBR steam generators have 
been operated. The designs of two of these units are reviewed 
along with the three CRBRP candidate de signs. Failure ex­
periences of the Enrico Fermi unit are also reviewed. 

Th~ lnt.erri.al com.ponents of a steam generator tha.t a.:r.e 
exposed to fluid flow include the tubes, paffles, support mem­
bers, shrouds, and flow distributors. 0£ these components, the 
tubes are the most susceptible to flow-induced vibration, as 
past experience with shell-and-tube heat exchangers has shown. 
Consequently, this report focuses on tube vibration. Excitation 
mechanisms and state-of-the-art technology relating to flow­
induced vibration analysis/testing are reviewed and discussed. 
Although emphasis is on tube vibration, the information aml 

·methods presented are generally applicable to other cmnponents. 

This report contains the information availaul~ fu.1.· Hlak.lf1g 
the best possible evaluation o£ potential flow- indu~ed. vllHat.i.on 
in LMFBR steam generators. As a sequel, a de sign guide is 
planned with this information put into a format that permits a 
steam- generator de signer to follow a step- by- st~p procedure 
lo evaluate a given de sign from the standpoint of flow- induced 
vibration. 
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NOMENClLATURE 
'I 

_ I Symbol Symbol 

A 

a 

b 

De scription 

Project'ed area per linear length of cylinder 

Cross- sectional tube metal area = 
(d 2 

- df}n/4 

Average crossflow area 

wd/Zc 

wD/Zc 

Bt Baffle thickness 

c Velodty of sound in fluid 

c s. Longitudinal v~locity of sound in structure 

CDmax 

D 

d 

Drag coefficient based on time-averaged 
drag force 

Drag coefficient based on friction drag force 

Drag coefficient based on maximum absolute 
values of drag force 

Drag coefficient based on oscillatory drag 
force 

Drag coefficient based on pressure drag 
force 

Drag coefficient based on rms drag force 

Drag coefficient based on harn'lonic-drag­
force oscillation about the mean 

.Lift coefficient basl'>rl on t.i.me-ii.VtUafl'ed lift 
force 

Added mass coefficient 

rms preBBure coefficitml 

Minimum gap between adjacent tubes 

Diameter of rigid duct to confine the fluid 
annulus 

Outer-diameter· limit of tube bundle 

Outer diameter of tube (or cylinder). 

dh Hydraulic diameter 

d· 1 
Inner diameter of tube 

Inner diameter of cylindrical shell 

E Modulus of elasticity· 

Force amplitude 

fo 

G 

'g 

:I 

J 

K 

Ko 

L 

Description 

Axial force 

Time-averaged drag force 

Frictional drag force 

Pres sure drag force 

Time-averaged lift force 

Acousticc standing-wave resonant frequency 

Dominant turbulent buffeting frequency 

Natural frequency.of nth mode of tube 

Cutoff frequency 

Vortex- shedding frequency 

Fundamental natural frequency of tube 

Shear modulus of elasticity 

Gal? between adjacent tubes 

Gravitational constant 

Moment of inertia of tube 

Polar moment of inertia of tube 

Bessel functions of first kind of order 

Turbulent buffeting constant 

Co!'lstant 

Flow- condition constant 

Proportionality factor for fluidelastic 
innto.bility 

{ 
Longit!ldinal spacin'g of tube 
Characteristic length 

Distance between centerline s . of successive 
tube rows; = L for in-line tube array, = L/2 
for staggered tube array 

Length of the tube (or beam) span between 
tube (or beam) supports 

mf Added mass of fluid external to tube per 
unit length 

Mass of fluid inside tube per unit length· 

Virtual mass of tube {or beam) per unit 
le!'l~th (= ffit + mf + mj) 
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NOMENCLATURE 

Symbol De scription 

~ Mass of tube per unit length 

NBD ·Baffle-damage number 

NeD Collision-damage number 

p Pitch of tubes 

R Radius of curvature 

r Stiffness ratio between torsional and bending 
rigidity of,beam 

Re Reynolds number 

Sm Maximum allowable fatigue stress 
(ASME Pressure Vessel Code, Sec. III) 

Sv Strouhal number 

T Transverse spacing of tube 

U Mean axial flow velocity 

U0 Flow velocity of fluid 

u Dimensionless mean axial flow velocity 
(mf/EI)IIzu-t. 

v Free-stream velocity 

V 1 Mean flow velocity between adjacent tubes 

V0 Mean shell- side velocity 

V T Threshold velocity for fluidelastic instability 

w 

X 

X 

y 

y. 
1 

Yrms 

z 

lHIIJd.l!L velocliy· l.Jetweeu lul.Je d.llll. lube 
support 

Shell- side mass flow rate. 

Support conditions of beam; both ends fixed 

Distance along the beam axis from support 

Longitudinal tube- spacing ratio (L/d) 

Transverse tube- spacing ratio (T/d) 

Support conditions of beam; one end fixed, 
one end simply supported 

Bessel function of the second kind of order 

Root-mean- square transverse displacement 
of tube 

Support conditions of beam; both ends 
simply supported 

Constant for average crossflow area 

I Symbol 

Q'l 

,f 

b. 

! 

6 

€ 

e 

v 

Description 

First-mode beam eigenvalue of the tube 

Modal constant 

Tube-to-baffle-hole clearance factor 

Distortion of nth TT term (similitude 
requirement) 

Dimensionless axial force 

Maximum transverse vibration amplitude of 
tube at midspace 

Tube-to- baffle-hole clearance 

Logarithmic decrement of tube in still fluid 

Correction factor 

Damping factor 

First-mode damping factor 

Po is son's ratio 

Subtended angle of curved beam 

Frequency factor of nth mode 

Viscosity of fluid 

Kinematic viscosity of fluid 

nn nth similitude requirement 

p Mao;:; tl~usity of Iluitl 

Po Weight density of fluid 

'·p s Structural mass density 

, (crY)rms Root-mean-square bending stress of tube 

~ 0 Intensity of near-field mean- square spectral 
density of pressure in low-frequency range 

~p Mean- square spectral density of near-field 
wall pres sure 

'cpl (x) Fundamental mode of beam 

w Vibration frequency 

Frequency of driving force 



FLOW -INDUCED VIBRATION 
IN LMFBR STEAM GENERATORS: 
A STATE-OF-THE-ART REVIEW 

by 

Y. S. Shin and M. W. Wambsganss 

ABSTRACT 

This state-of-the-art review identifies and discusses 
existing methods of flow-induced vibration analysis applicable 
to steam generators, their limitations, and base-technology 
needs. Also included are dis·cussioris of five different LMFBR 
steam-generator col)figurations and important design consid-

. erations, f~ilure experiences, possible flow-indl).ced excitation 
mechanisms, vibration testing, and available methods of vibra­
tion analysis. The objectives are to aid LMFBR steam-generator 

·designers in making the best possible evaluation of potential 
vibration in steam-generator internals, and to provide the basis 
for development of design guidelines to avoid detrimental flow­
induced vibration. 

I. INTRODUC'TION 

As part of ANL' s flow-induced vibration program in ·support of the 
CRBRP steam-generator design activity, this state-of-the-art review identi­
fies and discusses existing methods of flow-induced vibration analysis appli­
cable to steam generators, their limitation, and base-technology needs. Also 

·included are discussions of five different LMFBR steam-generator configura­
tions and important d~Ri en COnsiderations, failure experiences, possible flow­
induced excitation mechanisms, vibration testing, and available methods of 
vibration analysis. The objectives are to aid LMFBR steam-generator de­
signers in making the best possible evaluation of potential vibration in steam­
g·enerator internals, and to provide the basis for development of design guide­
lines to avoid detrimental flow-induced vibrations. 

It is reported 1 that operating heat exchangers have experienced dam­
age due tu excessive flow-induced vibr<'!.tinn. This indicates that either exist­
ing techniques are inadequate to satisfactorily evaluate the potential for flow­
induced vibration or that the state- of-the- art technology is not available in a 
form readily interpretable by and useful to the designer; it is suspected that 
the root cause for the occurrence of these vibration problems can be attrib­
uted, in part, to each of these elements. Many problems still exist in under­
standing and modeling fluid-flow phenomena and fl.uid/ structure interaction. 

ll 
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In structural dynamics, vibration problems are usually solved by 
applying known forcing functions. However, in flow-induced vibration, for 
example, of tubearrays in a steam generator, the vibration mechanisms them­
selves are often not clearly understood, with mathematical characterizations 
lacking or subject to uncertainties; these, in turn, are reflected in vibration­
response predictions. An additional co~plication is related to the random 
nature of many of the fluid excitation forces. 

Due to complexities of the flow field within a steam generator and the 
dependence of component vibration characteristics on fluid/structure interac­
tion, scale-model tests are relied upon to verify design adequacy~ The simil­
itude requirements for valid dynamic model tests are presented. However, 
since all similitude requirements cannot be satisfied simultaneously, the 
model tests are necessarily distorted. To analytically account for the distor­
tion· requir~s an in-depth knowledge of the phenomena involved, and/ or knowl­
edge of the functional relationship among the similitude requirements describing 
a particular phenomenon. 

The amount of published information on flow-induced vibration and . 
related fluid-flow phenomena is increasing rapidly; an annotated bibliography 
on flow-induced vibrations2 includes over 350 references. In addition, several 
other reports and critical review papers in specific areas are available in the 
l.iterature. 1

•
3
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II. LMFBR STEAM-GENERATOR CONFIGURATIONS 
AND DESIGN CONSIDERATIONS 

The steam· generator is one of the most important intermediate sys­
tern components in an LMFBR power plant. This component transfers thermal 
energy from sodium to water to produce high-pres sure and high-temperature 
steam to operate the turbines. A typical schematic loop layout of a sodium­
heated steam generator system is shown in Fig.· i. 7 This system represents 
0r1e of the candidate components for the Clinch River Breeder Reactor Plant 
(CRBRP), a 350-MWe Demonstration Plant being built near Oak Ridge, 
Tennessee. S<;>dium is circulated from the intermediate heat exchanger (IHX) 
throu~h the. superheater, evaporators, pump, and then back to the IHX. The 
evaporators use a recirculation pump to receive· water from the s·team drum. 
The water is partially evaporated with a steam quality of up to 50%. The two­
phase mixture from the evaporator is then returned to the steam drum, where 
the water and steam are separated by steam dryers. The saturated steam is 
extracted from the top of the steam drum and superheated in the superheater. 
The superheated steam (905°F, 1525 psia) is then introduced into. the turbines. 

SODIUM 
PUMP 

STEAM TO 

TURBINES 

IN'l'ERMEDIATE 
HEAT EXCHANGER SUPERHEATERS 

~ :water I steam 

_ _...,. • .___ sodium 

Fig. 1. Steam-generating System. (From Ref. 7 .) 

EVAFQRATORS 

ISOLATION VALVE 

SAFE'I'Y RELIEF VALVE 

Flow-indnc.ed vib:ration problems are not peculiar to a specific type of 
steam generator .. However, this· report is directed to the LMFBR steam ge:n,­
erator. Within the current LMFBR program, liquid sodium is on the shell f3i.de, 

13 



14 

transferring thermal energy to the water/ steam on the tube side. However, 
the sodium-in-tube concept has also been examined. 8 Since the sodium-water 
reaction is a safety problem of great concern in steam-generator design, the 
sodium-in-tube concept has an advantage over the more conventional arrange­
ment in the sense that, if a tube leaks, the sodium-water reaction, by design, 
would be confined insic;le the failed tube without affecting the adjacent tubes. 

A. Configurations 

Several different configurations .of steam generators exist. 9 - 11 How­
ever, the pr.imary goal of high reliability, safety, and maintainability is com­
mon to all types. Five different LMFBR steam-generator configurations have 
been selected to illustrate the basic mechanical arrangements: 

1. Hockey- stick concept. 

2. Bayonet-tube concept. 

3. Uuplex- J -tube concept. 

4. EBR-II stea1T1 generator. 

5. Enrico Fermi stean~ generator. 

The first three units are the candidate steam generators for the CRBR 
Demonstration Plant and are in various stages of design development. The 
EBR-II steam generator has been in operation since 1963 and has not experi­
enced any vibrational problems. The Enrico Fermi units were first operated 
in 1962, subsequently encountering extensive tube damage caused by vibration. 
The pertinent design and operating data of the five selected configurations are 
listed in Table I. All units are vertically oriented to minimize thermal strat­
ification. The tube material is 2io/o Cr-1 o/o Mo steel. and the tubes are unfinned. 
The evaporators and superheaters have identical mechanical arrangements 
except for size and material thickness. 

l. Hockey- stick Concept (Fig. 2) 

This unit, being developed by Atomics International, has single­
walled tubes intermediately supported by baffles, with both ends of the tubes 
welded to tubesheets. The tube bundle is surrounded by a shroud to promote 
uniform flow distribution. The shell encloses the entire internals. Thermal 
expansion of the tubes is accommodated by the bent-tube region. Vibration 
suppressors are placed in this region to eliminate potential low-frequency 
high-amplitude response; their utility was confirmed by test. 15 

a. Evaporator. Water enters the inlet plenun1., flows up through 
the heat-transfer tube, and is heated by the sodium on the shell side. Sodium 
enters. the shell side through the inlet nozzles, impinges on a flow distributor, 
is deflected circumferentially around the tube bundle, and flows down through 
the baffle holes and tube/baffle-hole clearances, over the tubes in axial flow, 
and exits through the outl.et nozzle. 



Descriptions 
Manufacturer 
Unit Type 

Thermal Power per Loop (MWe) 
Number of Loops per Plant 
Shell Geometry 

Nuinber of Units per Loop 
Liquid 
ID x Wall Thickness (in.) 
Overall Height (ft) 
Material 

Tube Geometry 

Hockey Stick* 
Atomics International (AI) 

Shell and Tube, 
Natural Circulation 

350 

Evaporator 
2 

sodium 
49 X 1. 5 

58 

3 

2 1/4% Cr-

757 

Superheater 
1 

sodium 
49 X 1. 5 

58 
1% Mo Steel 

757 

TABLE I. Steam-generator Operating and Design Data 
(From Refs. 10; 12, 13, and 14) 

Bayonet Tube* 
Foster Wheeler (FW) 

Shell and ·Tube, 
Natural Circulation 

350 

Evaporator 
2 

s'odium 
tbd** 

65 

3 
Superheater 

1 
sodium 

tbd 
65 

2 1/4% Cr - 1% Mo Steel 

427 427 

Duplex-J Tube~ 
Westinghouse-Tampa (W) 

Shell and Tube, 
Natural Circulation 

350 

·.Evaporator 
2 

sodium 
tbd 
45 

3 
Super-heater 

1 
sodium 

tbd 
45 

2 1/4% Cr - 1% Mo Steel 

800 800 

EBR-II 
Argonne National Lab. (ANL) 

Shell and Tube, 
Natura_l Circulation 

62.5 

Evaporator 
8 

sodium· 
20 x 0.375 

30.17 
2 1/4% Cr -

73 

1 
Superheater 

4 
sodium 

14 X 0.312 
31.5 

1% Mo Steel 

! 109 

EFAPP 
Griscom-Russel (GR) 

Shell and Tube, 
OnGe through 

143 
3 

Vertical Shell, No Steam Drum 
1 

sodium 
105.375 X 2.75 

26.5 
2 1/4% Cr ~ 1% Mo Steel 

1200 
water steam water steam water steam water steam water/ste·am 

15 

Number of Tubes per Unit 
Liquid 
Pattern/Pitch (in.} Triangle/1~22 Triangle/1.22 Triangle/2.875 Triangle/2.875 Triangle/1.5 Triangle/1.5 Triangle/1.938 Triangle/1.109 Involute U-bend/0.875 between Clip 
Single Tube; OD x Wall (in.) i­
Outer Tube; OD x Wall (in.) :', 
Inner Tube; OD x Wall (in.) 
Bayonet Tube; OD x Wall (in.) 
Heat Transfer Tube; OD x 

0.625 X 0.~09 0.625 X 0.109 - - 0~875 X 0.228 0.875 X 0.228 1.438 X 0.187 0.596 X 0.096 0.625 X 0.042 
- 0.875 X 0.094 0.875 X 0.094 -
- 0.687 X 0.134 0.687 X 0.134 -

0.8SO.x 0.195 0.930 x 0.050 

. Wall (in.) 
Protector Tube; OD x Wall (in.) 
Material 2 1/4% Cr - 1% Mo Steel 

1.5 X 0.160. 1.5 X 0.160 
2.5 X 0.125 2.5 X 0.125 

2 1/4% Cr - 1% Mo Steel 2 1/4% Cr - 1% Mo Steel 
Effective Heat Transfer Length 

(ft)' 41 I 41 43.3 43.·3 54 54 
Thermal· Expansion Provision 90° bend Bayonet Tube U-bend 

Baffle Details 
Baffle Thickness (in.) 
Baffle Spacing (in.): 

Intermediate 
Near. Sodium Inlet/Outlet 

Tube/Baffle Hole Di~metral 
Clearance (mils): 

Straight Segment 
Bent Segment 

Sodium Data 

1.5 

·var. (25-46) 
22 approx. 

10 approx. 
. 10 apprOJ!:.· 

1.5 

·var. (25-26) 
22 approx. 

·10 approx. 
10 approx • 

tbd 

30 

tbd 

30 

tbd 
tbd 

tbd 

27 approx. 
20 approx. 

tbd 
tbd 

Velocity in Tube Bundle (fps) 6 12 10 10 tbd 
Pressure Drop p (psi) 10 · 40 50 max 50 max tbd 
Inlet Temperature (°F). · 856 936 857 936 tbd 
Outlet Temperature (°F) 651 856 651 857 tbd 
Flowrate (lbm/hr) 12.75 x 106 12.75 x 106 6.375 x 106 12.75 x 106 · 12.75 x 106 

--~~~~~~~~~------------+--=~~~~~~~~~~~-4--~~~~~--r-~~~~~~, 

Water and Steam Data 
Feedwater: Flowrate (lbm/hr) 

Temperature (°F) 
Inlet Temperature (°F) 
Outlet Temperature (°F) 
Pressure Drop p (psi): Loop 

Orifice 
Velocity (fps) 
Exit Pressure (psia) 
Exit Steam Quality (%) 

Steam Drum Pressure (psia) 
Water Circulation Ratio 

1.11 X 106 - 1.11 X 106 1.11 X 106 1.11 X 106 
450. - 450 - 450 
543 615 St.! 614 527 
621 905 619 905 tbd 

63 200 110 max 200 max tbd 
40 

tbd 
1791 

so 
1766 

2:1 

tbd 
1540 

100 

27 max 
17ll 

so 
17GG· 

2:1 

... 
124 max 

1525 
100 

tbd 
tbd 
so 

1766 
2:1 

tbd 

27 approx. 
20 approx. 

tbd 
tbd 

tbd 
tbd 
tbd 
tbd 

12.75 X 106 

tbd 
905 
200 max 

tbd 
1540 

100 

2 1/4% Cr - 1% Mo SteeL 

I 22.5 25.75 
Cold-Springing.Shell*** 

o.s 0.5 

39· 39 

60 approx. 60, approx. 

1.4 4.3 
14 total 

794 866 
:794 588 

31.25 X 104 62.50 X 104 

550 
580 

3.0 

tbd 
4:1 

I -

I 580 
840 
.19.4 

! 79 

100 ' 

·2 1/4% Cr- 1% Mo Steel 

Involute U-bend 

3 (evap. · sect.) 
1. 39 total 

820 
520 

52.90 X 105 

340 
380· 
780 
10 total 

59 
900 
100 

* Data shown are preliminary 
·** . . 

tbd = to be determined *** . 
The shell was heated and elongated approximately 1/H in. while the tubes were being welded to tubesheets. 



+--· 

(a) 

tubesheet 

vibration 
suppressor 

shell 

shroud 

tube bundle 

sodium outlet 

N 
U"\ 

"' 

face of tubesheet 

water inlet (evap) 
steam inlet (suphtr) 

Evaporator and Superheater 

16 

1.00 00 x 0.75 ID x 0.25 
thick washer. Weld loca­
tions shown (13 reqd) on 
bottom of each thermal 
baffle 

drain 

(b) Section A-A 

(c) Section B-B 

Fig. 2. Hockey-stick Concept : AI Steam Generator. (Used with permission of Atomics International.) 
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b. Superheater. Saturated steam enters the inlet plenum, flows 
up through the tube, and is superheated by the sodium on the shell side. The 
superheated steam is introduced to the turbines . 

2. Bayonet-tube Concept (Fig. 3) 

This unit has been proposed by Foster Wheeler Corporation. Each 
tube set consists of a bayonet tube, a heat-transfer tube, a protector tube, and 
an insulation tube (superheater only). The protector tube is intermediately 
supported by baffles, and both ends are welded to tubesheets. The shell en­
closes the entire internals. An advantage of the bayonet-tube concept is that 
the tubes are free to grow axially. 

a. Evaporator. Water enters the inlet plenum, flows down through 
the bayonet tubes to the bottom of the heat-transfer tubes, and is heated by the 
sodium on the shell side in its upward pass in the annuli formed between the 
bayonet tubes and the heat-transfer tubes. Sodium enters the shell side through 
the inlet nozzle and impinges on the impingement plate, which deflects the so­
dium flow circumferentially around the inlet plenum. 

b. Superheater. Saturated steam enters the outer plenum, flows 
down the central bayonet tube to the bottom of the heat-transfer tube, and then 
turns and flows up the annulus, where it is superheated by the sodium. 

3. Duplex-J Tube Concept (Fig. 4) 

Proposed by Westinghouse- Tampa, this unit has double-walled 
tubes with an annular gap for leak detection. The tubes are intermediately 
supported by baffles, with U-bend vibration supports and tubesheets at the ex­
treme ends. The duplex tubes are used to minimize the potential for a sodium­
water reaction. The shell encloses the entire internals. 

a. Evapor<:~.tor. Water enters the inlet plenum and flowB dnwn 
through the duplex tubes and U-bends, andup through the outlet plenum. So­
dium enters the :,;hell :::;ide through the inlet nozzle, impinges on a flow dis­
tributor, and flows circumferentially around the tube bundle and through the 
baffle holes. 

b. Superheater. Saturated steam and sodium enter thf! inlet 
plenum and inlet nozzle respectively, and circulate as in the evaporator. 

4. EBR-II Steam Generator (Fig. 5) 

17 

Developed by Argonne National Laboratory and built in Idaho, the 
EBR-II steam generator has been in operation since 1963 without experiencing 
any vibration problems. The unit has double-walled straight tubes with no • • 
annular gap, intermediately suppurled by bd..filt:b, witl1 a tubesheet at each end . 
The duplex tubes at the sodium inlet are covered with shock tubes for protection 
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Fig. 3. Bayonet-tube Concept: FW Steam Generator. (From Ref. 7 and with permission of Foster Wheeler Corp.) 
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Fig. 4. Duplex J-tube Concept: W Steam Generator. (Used with permission of Westinghouse-Tampa Division.) 
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against thermal shock and loading caused by impingement of hot sodium. The 
shell encloses the entire internals. The potential for tube vibration in EBR-II 
steam generator has been evaluated using state- of-the-art technology. 16 

a. _Evaporator. Water enters the inlet plenum and flows up 
through the duplex tubes. S0dium enters the inlet nozzle and flows primarily 
around the baffles; inducing eros sflow over the tubes, with s orne leakage through 
the tube/ baffle-hole clearances . 

b. Superheater. Saturated steam enters the inlet plenum and 
flows down through the duplex tubes. Sodium enters the inlet nozzle and flows 
up around the baffles, with some leakage through the tube/ baffle-hole clearances. 

5. Enrico Fermi Atomic Power Plant Steam Generator (Figs . 6 and 7) 

This unit was developed by Griscom-Russel Company, built in 
Laguna Beach, Michigan , and first operated in 1962. There are three steam 
generators in the plant with one experiencing extensive tube damage due to 
vibration, 12 • 

17 as discussed in Sec. III. This unit has U- bent single-walled 
tubes. Each tube makes 14 horizontal runs from the thermal shield to the 
tubesheet. Eight tubes are fastened together to form a clip, and each clip of 
tubes is formed into an evolute curve. The shell encloses the entire internals. 
Water enters a single nozzle in the upper ring header , flows down the down­
comer tubes, and is preheated, evaporated, and superheated as it rises in the 
serpentine tubes. The superheated steam flows through the ring- steam collec­
tion header near the top of the unit and leaves through a single nozzle. Sodium 
P.nters the shell through two diametrically opposed inlet nozzles near the top, 
flows down through the shell, inducing crossflow over the tubes, and leaves 
through the outlet nozzle in the bottom head . This unit does not have separate 
evaporators and superheaters. 

B. Design Considerations 

The technical design, installation, operation and maintenance of steam 
generators are described in existing standards and codes, including RRD ~tan­
dard RDT E4-l6T, 18 TEMA Standards, 19 and ASME Boiler and Pressure Code. 20 

These are intended to produce a satisfactory design from the standpoint of 
reliability, safety, and effective heat transfer. However, if the de sign guidance 
found in the standards and codes is followed, recent experiences of tube fail­
ures from flow-induced vibration, corrosion, wear, and fatigue 10

-
12 imply that 

the current standards may be inadequate and that further research and devel­
opment are needed to prevent such failures in the future. 

Some of the important design parameters affecting flow-induced vibra­
tions are considered below. 

l. Bai.Cle ( Tul>e Su}l}>Urt) Spacing 

To raise the fundamental natural frequency of tube spans exposed 
to crossflow and, thereby, to separate the vortex- shedding frequency from the 

21 
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tube natural frequenc i es, multiple supports with a relatively shorter span are 
used where the predominant fluid-dynamic forces act. For a given number of 
supports, this technique is effective only if the tubes respond as 11 single- span" 
beams between supports, since the lowest natural frequency of a beam on 
multiple supports will be less than the natural frequency corresponding to the 
11 short- span" length. Consequently, if the tube responds as a beam on multiple 
supports, the lowest natural frequency may coincide with the frequency at which 
vortices are shed from the short span, giving rise to a resonant condition. Al­
though increasing the number of baffles or supports is helpful frurn the stand­
point of minimizing the potential for flow-induced vibration, it also increases 
the pressure drop. To keep the pressure drop low, a minimum number of 
baffles is desired, and this poses an optimization problem. 

2. Tube- baffle-hole Clearance 

Tube- baffle clearance directly affects the support conditions and 
influence£: the vibri:l.tioni:l.l chn.rn.ctcristics of the tube. Expt;:l·in"J,eutal .n:::;ull::;?.t 
show tlrat dH iHcred::;e iu Lube- baffle-hole clearance generally causes a de­
crease in natural frequency; this could be a result of its influence on the 
"effective span length" and/ or "damping . " Tube-baffle clearance also allows 
for tube impacting. Experience with the Enrico Fermi Atomic Power Plant 
Steam Generator 12 and a turbine- steam reheate r 22 showed that tube vibration 
caused baffle-hole enlargement due to hammering and sawing of the tubes in 
the baffle plates. As a result of this action, tubes can wear thin and partially 
or completely break off. 

3. Flow Distributor/ Impingement Plate 

Impingement plates are generally provided at the inlet regions to 
prevent tube damage due to severe flow impact. Flow distributors are also 
used to deflect the flow circumferentially at the crossflow region and to reduce 
flow velocitie::;. 

4. Vibration Suppressor 

Vjbrr1tion suppressors, for example, in the form of spacer bars, 
are placed in bent-tube regions to eliminate low-frequency, high-amplitude 
response. 

5. Sizing Inlet/ Outlet 

For pres sure consideration, the inlet/ outlet sizes should be as 
srnall as allowable, but to reduce the average approach/ exit velocities to the 
tubes, the sizes should be as large as possible. The bound of sensitivity of 
the above factors should be evaluated before sizing jnl et/ outlet. 



6. Baffle Thickness, Baffle-hole Shape 

Experimental results 21
'

23 show that an increase in baffle thickness 
reduces the fundamental natural frequency. However, the effects of baffle-hole 
shape are still largely unknown. 

7. Tube Spacing 

The closer the tube spacing in the flow direction in a crossflow 
region, the higher the frequency of the von Karman Vortex Street . 24 Vortex 
shedding is dependent on tube spacing for tube pitch-to-diameter ratios less 
than two to three times the tube diameter; this range includes typical steam 
generator tube spacing. Vortex- shedding is discus sed in Sec. IV. A. 

8. Differential Thermal Expansion 

Differential thermal expansion between the shell and tubes can 
induce axial loads in the tube, causing a change in tube natural frequency; a 
compressive load reduces tube frequency. The effect of axial force on tube 
frequenc y is discus sed in Sec. V. C. To minimize the effect of differential 
thermal expansion, cold- springing techniques were used in the fabrication of 
the EBR-II steam generators and evaporator s. 16 Flexible bellows in the shell 
structure also have been used, but are generally not accepted today. The 
CRBRP candidate designs allow for this phenomenon by providing "bent-tube" 
regions to accommodate axial motion or by using tube arrangements that are 
free to 11 grow, 11 as in the bayonet-tube concept. 9 

9. Shell- side Flow Orientation 

Traditionally, heat exchangers have been designed with baffle 
arrangements to promote crossflow, the idea being that crossflow introduces 
turbulence and improves heat transfer between the tubes and the fluid. This 
can be an important consideration when the shell-side fluid is water. How­
ever, with liquid sodium on the shell side, the heat-transfer characteristics 
are such that increased turbulence induced by crossflow is not required, since 
satisfactory heat transfer is obtained with axial flow. Cros sflow has a much 
higher potential than parallel flow for causing detrimental tube vibration, as 
discus sed in Sec. IV . Consequently, from the standpoint of flow-induced vibra­
tion, it is advantageous to design units as primarily parallel-flow units. 

25 
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III. . FAILURE EXPERIENCES 

Operating experience9 -
12

• 
25 with nuclear-power -plant steam generators 

shows that the units have incurred extensive damage due to excessive flow­
induced tube vibrations. Tube vibrations, in addition to acting as a primary 
damage mechanism, can accelerate propagation of small cracks caused by 
other sources such as corrosion. The most vulnerable locations for damage 
due to vibrations have been observed at antivibration bar regions (San Onofre), 
the bend region (KWO), and shell- side inlet regions (San Onofre, Enrico Fermi). 
The types of tube-vibration damage observed include: tube-wall thinning and 
baffle-hole enlargement due to tube-to- baffle impacts, and tube cracks due to 
tube-to-tube collisions. Tube damages have nol been reported in parallel-
flow regions. 

Operating experience with the Enrico Fermi Atomic Power Plant 
(EF APP) steam generators 12 dramatically illustrated the extensive tube dam­
age that can be caused by flow-induced vibration. Figure 8 shows tube-wall 
thinning at the inner support. Figure 9 shows two tubes broken at the support 
bars; tube failure might be attributed to large-arn.plitude oul-oi-!Jl.:ule vibra­
tion of the unsupported bend. Figure 10 shows large cracks in a tube, caused 
by collision with adjacent tubes . Figure 11 shows the enlargement of support­
bar holes, which may be caused by tubes rubbing in holes. Figure 12 shows 
samples of the broken tubes that were located as shown in Fig. 11. The pecu­
liar "knife-cut" tube damage was caused by collision with adjacent tubes. 

B4 

Fig. 8. EFAPP Steam Generator: Tube-wall Thinning Caused 
by Rubbing Inside of Support Bars. (From Ref. 26 .) 



Fig. 9. EFAPP Steam Generator: Broken Tubes at Support Bar 
due to Excessive Tube Vibration. (From Ref. 26.) 

Fig. 10. EF APP Steam Generator: Tube uack due to ~olllSlon w1th AdJacent Tubes. (From H.et. ~o.) 
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Fig. 11. EFAPP Steam Generator: Enlargement of Support-bar Holes 
due to Tube-to-Support-bar Impacts. (From Ref. 26.) 

Fig. 12. EF APP Steam Generator: Samples of Broken Tubes with "Knife-cut" 
Damage by Tube-to-Tube Collision. (From Ref. 26.) 



Most of the vibration damage occurred at the inlet regions. The general 
causes of vibration. damage were identified as: 

1. Insufficient restraint of tubes in the region near the shell- side 
inlets. 

2. Insufficient baffling at the shell- side inlets to reduce the flow 
velocity to a satisfactory value. 

Although not firmly established, the excitation mechanism was most 
probably either a resonant condition between tube natural frequency and vortex­
shedding frequency, or a fluidelastic instability. 

In addition to the foregoing steam- generator failures , a survey by 
Nelms and Segaser, 1 of primary-circuit heat exchangers in USERDA-operated 
reactors, revealed that nine out of the 17 heat exchangers had experienced 
some form of vibration-induced tube failure . It is also known that flow­
induced tube-vibration failures have plagued the heat- exchanger industry for 
years. When the shell- and tube- side liquids are both water or water and 
steam, a small number of tube failures can generally be tolerated, and the 
failed tubes can be plugged with only a slight decrease in system performance. 
However, in an LMFBR steam generator, the consequence of a tube failure is 
much more serious, due to the ensuing sodium-water reaction. 

29 
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IV. FLOW-INDUCED EXCITATION MECHANISMS 

Fluid flowing through the shell side of steam generators is a source 
of energy that can induce and sustain vibrations of the tubes,* baffle/ supports, 
shroud, and shell. Although this report focuses on beamlike vibrations of 
tubes, many of the basic phenomena and methods of analysis discussed also 
have application to the design evaluation of other components. Operating 
experiences show that tube -vibration failures are among the more prevalent 
of steam-generator mechanical- component vibration failures. Vibrations 
induced by tube- side flow are usually negligible, except at velocities much 
higher than those existing in steam- generator tubes; consequently, the shell­
side flow represents the primary excitation source . Many investigations have 
been reported concerning flow-induced excitation mechanisms and related vi­
bration responses of a single tube immersed in an "infinite" flowing fluid 
medium. However, because of the complexitie~:; u.f llu:: .flow fields, progrcoo 
has been slow in developing an understanding of many basic excitation 
n1.cchn.niome. 

Flow-induced excitation forces on steam- generator tubes and other 
internal components can arise from several mechanisms: 

1. Vortex shedding. 

2 . Turbulent buffeting. 

3. Fluidelastic whirling. 

4. Jet switching. 

5. Turbulent pressure fluctuations associated in parallel flow. 

6. Hydraulic noise. 

7. Structural- borne noise: vibration transmitted through piping, 
supports, and external mechanical vibration transmitted to the 
units. 

8. Ooci.llati.ons or pulsationo in the flmv. 

ThP. last two excitation mechanisms are system-dependent and will not be 
dis ens sed here. 

A. Vortex Shedding 

In two -dimensional fluid flow across a single cylinder or arrays 
parallel cylinders, vortices are formed in the wake behind the cylinder. 
nature of the vortex shedding is dependent on the Reynolds number. 

*Circular tubes, unless denoted otherwise . 

of 
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1. Reynolds Number 

The Reynolds number, one of the most important dimensionless 
numbers in characterizing fluid-flow regimes, represents the ratio of the fluid 
inertia force to the frictional force. It is directly proportional to the flow 
velocity and is expressed in the form 

Re 
pVd Vd 

( 1) = or --' j.J. \) 

where 

Re = Reynolds number, 

p = mass density of fluid, 

j.J. = viscosity of fluid, 

\) = kinematic viscosity of fluid, 

v = free-stream velocity, 

and 

d = outer diameter of cylinder.* 

Dynamic similarity of two flow fields requires, among other things, 
that the Reynolds numbers be equal for both. The viscosity of liquids (iJ.) is 
nearly independent of pressure and decreases at a high rate with increasing 
temperature. The kinematic viscosity of liquids behaves like j.J., since the 
density of liquids changes only slightly with pressure and temperature. 21 The 
Reynolds number in LMFBR steam generators is generally in the range 103 -105

. 

The major regimes of fluid flow across a rigid circular cylinder 
are shown in Fig. 13. Marris3 explained the development of wakes behind the 
cylinder for different Reynolds-number regimes on the basis of earlier work 
by Foppl, 28 Roshko, 29 •

30 Tritton, 31 Kovasznay, 32 Birkhoff, 33 •
34 Humphreys, 35 

Schaeffer and Eskinazi, 36 and others, as follows. 

At extremely low Reynolds numbers ( <5), the flow streamlines 
close behind the cylinder and the flow does not separate, as shown in Fig. 13a. 
However, as the Reynolds number is increased, the streamlines widen, and at 
a Reynolds number of 5-15, a pair of fixed "Foppl" vortices first appears im­
mediately behind the cylinder, as shown in Fig. 13b. Kovasznay and Tritton 
showed and confirmed that the vortex pair behind the wake of cylinders be­
comes unstable at a Reynolds number of about 40, and the fixed vortex pair 
separates from the main body of the fluid. At a Reynolds number of about 90, 
one of the fixed vortices breaks away from the cylinder. This causes a wake­
pressure asymmetry and the other leaves, the process repeats itself, and the 

*Circular cylinder unless denoted otherwise. 
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state of alternating vortex shedding is attained, as shown in Fig. 13c. Roshko' s 
observation showed that for Reynolds numbers less than 150 , for which the 
free vortex layers roll up into vortices prior to transition , the resulting 
vortices are purely v iscous. The fluid in such vo r tices is laminar, and the 
vortex street is preserved for many diameters downstream. As the Reynolds 
number is increased beyond the vortex- shedding point to 150-300, a laminar­
to-turbulent transition begins in the free vortex layers before breaking away 
into the street , as shown in Fig. 13d. At a Reynolds number of about 300 , and 
continuing up to - 3 x 105 , the vortex street is fully turbulent. In the Reynolds­
number range 3 x 105 to 3. 5 x 106

, the laminar- boundary layer has undergone 
turbulent transition , the wake is narrower and disorganized, and no vortex street 
is apparent, as shown in Fig . 13e. As the Reynolds number is increa::>etl be­
yond 3. 5 x 106

, the turbulent vortex street forms and the wake is thinner , as 
shown in Fig. 13f. 
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150 < Re < 300 TRANSITION RANGE TO TURBU­
LENCE IN VORTEX . 

300<Re~ 3xl0
1 

VORTEX STREET IS FULLY 
TURBULENT. 

3x10
1
"t Re<3.5xiQ• 

LAMINAR BOUNDARY LAYER HAS UNDERGONE 
TURBULENT TRANSITION. THE WAKE IS 
NARROWER AND DISORGANIZED. NO 
VORTI;X STREET IS APPARENT. 

3.5xl0
1 < Rc <CO(() 

RE-ESTABLISHMENT 0~ THE TURBU · 
LENT VORTEX STREET THAT WAS 
EVIDENT IN 300<ne'l:3XI01 

THIS TIME THE BOUNDARY LAYER 
IS TURBULENT AND THE WAKE 
IS THINNER. 

Fig. 13. Regimes of Fluid Flow across Rigid Circular Cylinder. (From Ref. 4 .) 



2. Strouhal Number 

The Strouhal number (sometimes called reduced frequency) is 
another important dimensionless number which cha racterizes the frequency 
at which vortices are shedded from a rigid circular cylinder; it is defined by 

Sv 
fvd 

(2) = ' v 

where 

Sv = Strouhal number, 

fv = vortex- shedding frequency (vortex pair) , 

d = outer diameter of cylinder , 

and 

v = free- stream velocity. 

The Strouhal number depends on the Reynolds number. Lienhard4 

and Chen24
•
37 reviewed experimentally determined data on the Strouhal­

Reynolds-number relationship for flow crossing an isolated single stationary 
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cylinder, and plotted the results 
as. shown in Fig. 14. The Strouhal 
number remains nearly constant 
with a value of 0. 21 within the 
range of Reynolds numbers from 
300 to about 2 x lOs , defined as 
the subcritical range. As the 
.H.eynolds number is further in­
creased to about 3.5 x lOs, the 
Strouhal number seems to in­
crease due to the narrowing of 
the wake of the flow. Beyond a 
Reynolds number of about 3. 5 x 
l 06

, the Strouhal number again 
seems to remain constant with 
Sv ~ 0. 27 as the turbulent vortex 
street reestablishes. Lienhard4 

proposed a reasonable envelope 
within ±5% accuracy over a large 
Reynolds -number range, as shown 
in Fig. 15 . 

Again, the discussions so 
far are based on the postulate that 
t w o-dimensional uniform flow 
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Fig. 15. Envelope of Strouhal-Reynolds-number Relationship for Circular Cylinders. (From Ref. 4.) 

crosses a single stationary cylinder whose axis is perpendicular to the flow 
direction. If flow approaches a cylinder at an angle othe r than perpendicular 
to the longitudinal axis of the cylinder, it is intuitively appealing to resolve the 
flow velocity into eros s- and parallel-flow components, and use the crossflow 
component to compute the vortex-shedding frequency and crossflow response. 
Unfortunately, there is little infornl.ation available to evaluate the validity o f 
this approach. Tn the low-Reynolds-number range, 50 ::;; Rn::;; 150 , the Slrouhal 
number based on the cross±low component of velocily Wd::; found to be approxi 
mr~.tely constant for yaw angles up to 30u; for larger yaw angle s, a significanl 
monotonic increase was observed. Jil For high Reynolds numbers, the effect o± 
yaw angle on Strouhal number has not been established. For stream angle s 
close to 90°, the flow can be considered as passing over an elliptical cylinder. 
Generally, however , flow patterns in steam generators are not sufficie ntly 
defined to allow resolving the flow vector into its cru::;::;- and parallel-flow 
components. Moreover, the flow characteristics within a tube bundle a re 
much more complicated than for an isolated single tube , with the complex ity 
increasing further for fle x ible tubes that are vibrating. 

3. Strouhal Number as a Function of Tube Spacing 

At the inlet and outlet zones of steam generators, Lhe shell-side 
flow is predominantly crossflow with respect to the tube bundle. Unfo r tun ately , 
only limited results are a v ailable on the vortex- shedding phenomena in tube 
arrays. Chen24 showed that the surrounding tubes can hav e a consid erable 
influence on the values of the Strouhal number. His experim ental data are 
based on gas flow and have not been verified for liquids; nev ertheless , his 
correlations are widely used to evaluate the vortex- shedding frequency / 
Strouhal number in steam generators. His results are summarized below . 



Two different tube -array models are considered as shown in 
Fig. 16; the in-line and staggered tube patterns are typical of pre sent steam 
generators. The Strouhal numbers obtained in Chen's e x periment are func­
tions of the transverse and longitudinal spacing ratios T / d and L/d, respec­
tively, of the tube array. The Strouhal-number / tube- spacing relationships for 
in-line and staggered tube arrays ar e shown in Figs. l 7 and 18 . In general, 
the Strouhal number increases with decreasing longitudinal spacing ratio. 
For an in-line tube bank , and a given longitudinal spacing, the Strouhal number 
increases monotonically with transverse spacing ratio for the range of data 
reported. For a staggered tube bank and given longitudinal spacing, the 
Strouhal number peaks at a transverse -spacing ratio of about 2. 2; Strouhal 
numbers as high as 0. 7 are reported. For large transverse spacings and 
small longitudinal spacings, the curves are not complete. 

As Nelms and Segaser stated, 1 if the best estimate of the average 
crossflow velocity (see Sec. V.A) along the tube span is used in Eq. 2, _ it seems 
reasonable that this will yield the best estimate of the average vortex-shedding 
frequency or predominant frequency , if one e x ists . 

Similar results have been reported by Konig and Gregorig, 39 with 
some discrepancies between their results and those of Chen; however, Chen's 
results remain widely accepted. 

4 . Drag and Lift Forces 

The fluid-dynamic forces exerted by crossflow acting on a cylinder 
can be resolved into two types (see F i g. 19): (l) drag forc e s FD acting in the 
direction of flow, and (2) lift forces FL acting in the transverse-to-flow 
direction. 

At Reynolds numbers :5:40, only a steady drag force exists , and 
because of the symmetry of the flow, the lift force is zero (see Fig. l3b). As 
the Reynolds number increases above 40, the drag force remains steady until 
the vortices become unstable. At that point , a drag force develops that 

v v 

IN- LINE STAGGERED 
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Fig. 19 

Drag and Lift Forces 

v 
-----. FD -

oscillates periodically or randomly about zero. The frequency of this oscil­
lating ·drag force is twice that associated with the shedding of a vortex pair 
(the frequency in the lift direction). 

In the lift direction, one cycle is the interval between two vortices 
shed consecutively from the same side of the tube; during that interval, one 
vortex sheds off from the other side of the tube. In the drag direction, the 
cycle is the interval between each vortex shed, irrespective of the tube side. 

A dimensional analysis shows that the magnitude of the drag and 
lift forces ~xerted on a cylinder can be expressed in the following forms :4 

where 

and 

Fn, FL = time-averaged drag force and lift force, respectively, 

Cn. CL = drag and lift coefficients, respectively, 

p = mass density of fluid, 

A = projected area per linear length of cylinder (=d), 

V = free- stream velocity. 

(3) 

(4) 

Many diversified experiments reporting values of Cn and CLare available in 
the literature. However, specific values of Cn and C L cannot be assigned with 
certainty because of the wide variation in measured values. Lienhard4 reviewed 
the experimentally determined data on drag and lift forces, and plotted the val­
ues of the drag and lift coefficients over a wide range of Reynolds numbers for 
an isolated single stationary cylinder. Some of his results are summarized 
he low. 
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. . a. Drag Coefficient (Co). The drag force Fn has two force 
compqnents: pressure drag (Fop) and frictional drag (FD£)· The pressure 
drag results from pressure distribution over the surface of the body; the fric­
tional drag results from the viscous shear force on the surface. For a given 
flow velocity, the friction drag is relatively constant, while the pressure drag 
contains a constant component and an oscillatory component. The oscillatory 
component is associated with vortex shedding. Experimental results indicate 
that this oscillatory component is relatively small, compared to the constant 
components. At very low Reynolds numbers, the drag will consist almost en­
tirely of FD£· As the oscillating force appears, FD£ gradually becomes neg­
ligible in comparison with FDp· Lienhard4 plotted many investigators' test 
data, giving the values of drag coefficients shown in Figs .. 20 and 21 for two 
Reynolds-number ranges. Various coefficients are used in higher-Reynolds­
number regimes; they include: Cn, which is based upon the time-averaging 
value of Fo; CDrms' which is based upon the root-mean-square variations of 
Fo; CDmax• which is based upon the maximum absolute values of Fo; CKD• 
which is based on the harmonic-drag-force oscillation about the mean; and 
Cop, CD£· and Co0 , which are based upon FDp· For, and the amplitude of. the 
drag-force oscillation respectively. These figures show that at the low­
Reynolds -number regime {0. 5 < Re < 300), the mean drag coefficient {Co) 
varies from 20 to 1, and at the high-Reynolds-number regime {300 < Re < 
2 x 105

), a nearly constant value of CD = 1.1 is preserved, while the oscillatory 
drag coefficient {CD0 ) is in the range of 0.1-0. 2. In the transition range, the 
drag coefficient drops drastically. 

h. T .ift Coeffi.d~nt {C L). A lift force is totally associated with 
the vortex shedding and is therefore oscillatory. Figure 22 shows the results 
of the measured mean oscillatory lift coefficients compilen hy \.hP.n. 37 Most 
of the measurements were made in the Reynolds -number range 104 < Re < 106. 

The·scatter of the data is large, and the data are far less consistent than the 
drag-coefficient data; values vary from 0.1 to 1.5, with the use of 1.5-2.0 for 
the value of CL considered conservative. In tube-response analysis, only the 
vibratory excitation is of interest. Since the excitation in the lift direction is 
5 to l 0 times higher than the excitation in drag direction (because of the ere<'l.tP.r 
force coefficient), the lift direct~on is of primary importance. 

For tube arrays, CL appears to depend on tube spacings as 
well as Reynolds number. Chen37 presented some measured data of CL with 
respect to. the longitudinal tube-spacing ratio {xt) and transverse tube-spacing 
ratio (xt). These data indicate that the values of CLare lower than 0. 5 for 
closely packed tube arrays. However, it is premature to draw any conclusions 
at this time. 

5. Vibrating Tubes 

Problems become further complicated when considering vibrating 
cylinders and the correlation length. The latter is defined as a length of the 
cylinder over which the vortex shedding process is coherent or consistent; this 
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Experimentally Determined Mean Oscil­
latory Lift Coefficients for a Single Sta­
tionary Cylinder. (From Ref. 37 .) 

length is typically 6-10 diameters. If the length of the cylinder is longer than 
the correlation length, the drag and lift forces acting on the cylinder are not 
in phase over the entire span. ~0 '!'he vortex- sheddmg phenomena o£ a v1brating 
cylinder has been studied· at some length by Marris 3 and Den Hartog. 41 They 
reported that the intensity of the lift force is _greater for a cylinder vibrating 
at the Strouh:al shedding frequency than for a cylinder at ·rest. Nelms and 
Segas.er, 1 in summarizing the NADC {Naval Air Development Center) test re­
sults42 on flexible cables towed through wa~er, suggest a steady drag coefficient 
of 1.35 for use as a conservative estimate of Co when a vibrating-tube condi­
tion exists. In. gener.al, the interaction between the elastic tubes and vortex 
shedding is not yet understood clearly. 

·6; · Acoustic Standing Waves 

The· steady crossflow over tube arrays in the inlet/ outlet zones of 
shell- side· fluid in the ·steam generator can also induce atJ. acoustic standing 
wave perpendicular to both tubes and flow. This standing wave, in resonance 
with natural frequencies of tubes or shell, can cause extensive structural 
damage and a high shell-side pressure drop. 

For a cylindrical shell, Morse43 gives the transverse acoustic­
standing-wave resonant frequency (fa) as: 

where 

and 

c 
fa .. TTCl'm d' 

s 

c = velocity of sound in fluid, 

ds = inner diameter of cylindrical shell, 

O'm depends on the mode excited: 

(5) 



Mode O'm Mode O'm 

1 0. 5861 5 2.042 

2 0. 9722 6 2.388 

3 l. 337 7 2. 730 

4 1.693 8 3. 071 

Fitz-Hugh44 suggested that if the shell-side liquid is gaseous, an 
acoustic resonance with vortex shedding should be checked. The uncertainty 
in vortex-shedding frequency fv makes acoustic resonance possible, even if 
0. Sfa < fv < 2fa. Acoustic resonance. can be suppressed by placing longitudinal 
baffles along the flow direction or by omitting_some tubes in a tube array to 
disturb the regular flow pattern. 45

'
46 A resonance between the vortex- shedding 

frequency and the acoustic standing wave, while it may result in a loud noise, 
will not generally cause tube damage unless the t~be nCI.tural frequency is also 
coincident. 

In general, acoustic resonance will not .be a problem in LMFBR 
steam generators for several reasons: 

a. In a liquid, acoustic pressure amplitudes are too small to· 
·have significant effects on tube vibration.6 

b. The velocity of sound in a liquid, being significantly greater 
than that in a gas, will generate a standing-wave frequency that is generally 
much greater than the vortex-shedding frequency. 

c. Shell diameters, being relatively small, also result in high 
standing-wave frequencies. In this re.gard, Cohen and Deane47 report that, 
even in gaseous systems, acoustic resonance is generally only a problem in 
large units having a transverse width greater than 22 ft. 

B. Turbulent Buffeting 

When a flow crosses an isolated single cylinder, vortex shedding oc­
curs within certain ranges of Reynolds numbers. However, in closely packed 
tube arrays, vortex shedding may no longer occur. Owen48 stated that, deep 
within a bank of tubes, the cumulative growth of random irregularities in 
labyrinth-like, high-Reynolds-number flow must lead to a state of almost 
complete incoherence on which it is difficult to imagine any superposed regular 

·pattern {apart from a general drift through the bank) to be discernible. Owen 
explained the tube vibrations sufficiently deep inside the bank by the randomly 
fluctuating turbulent forces as follows; 

Starting with a simple hypothesis that the dominant frequency of the 
turbulent fluctuations is identifiable with the dominant frequency of the fluctu­
ating force on the tubes, the former is proportional to the average ·flow velocity 
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through the bank. As this velocity is increased from zero,_ two resonant con­
qitions may arise: one when the dominant frequency coincides with a natural 
frequency of the tube, the other, an acoustic resonance when shell- side fluid 
is gaseous. Theoretical considerations led to the equation 

and 

(6) 

fb = dominant turbulent buffeting frequency, 

L 1 - distance between centerlines of success1ve tub'e rows (see Fig. 23), 

T = transverse spacing o£ tube (sec Fig . .23). 

d = outer diameter of tube, 

V 1 = mean flow velocity between adjacent tubes, 

K = constant. 

Fig. 23 

Typical One-dimensional Turbulent-energy 
Spectrum Determined Experimentally. (From 
Ref. 48.) 

· -Owen suggested the value of K = 3. 05 based on limited experimental 
data. He also proposed a rule for estimating fb: The dominant frequency·of 
the vibration in a bank of tubes, for which the ra.tio of the diameter to the 
lateral spacing lies between 0, 2 and 0. 6, is equal to thP. i.nterstitial flow velocity 
divided by twice the distance between successive rows. That is, 

(7) 



Multiplying both sides of Eq. 7 by diV 1 yields the Strouhal-number relationship: 

d 
2L

1
. 

(8) 

Owen also included an experimentally determined one-dimensional 
turbulent-energy spectrum, reproduced in Fig. 23, which shows that the pro­
nounced p'eak occurs near (fbLllv l)(T I d) = 0.4 for the tube spacings TId = 

.1.5 and·L1Id = 1.3 .. However, as reported by Wambsganss, 16 this result does 
not agree with the empirical relationship given by Eq. 7 which implies that 
the peak in the turbulent-e~ergy spectrum should occur at (fbL1IV 1)(T I d) = 0. 75. 

Wambsganss also noted that the actual peak location can be translated 
into a Strouhal number of 0.21, which corresponds to the Strouhal number 
associated with vortex shedding from a single tube. This correspondence may 
be a coincidence, or it may be that the peak in the turbulent-energy spectrum 
for crossflow through tube banks occurs at a constant Strouhal number of 0. 2 
(single-tube value for vortex shedding). If the latter is true, a mechanism for 
tube vibration based on buffeting can be postulated that agrees with the vibra­
tion problems that have occurred and that would have been "predicted" by the 
proximity of the tube Strouhal numbers to a flow Strouhal number of about 0. 2. 
As described by Wambsganss, this mechanism is. as follows: 

a.. A dominant frequency is associated with the turbulent-energy 
spectrum at the flow velocity, which can be characterized by a Strouhal number 
(fbd/V1) of 0.2. · 

b. If the flow velocity through the tube bank is such that the dominant 
frequency of turbulent fluctuations corresponds to a natural frequency of tube 
vibrations (i.e., if the tube Strouhal number is close to 0. 2), a type of reso­
nance occurs. This resonance is sharpened by the selectivity of the tube in 
responding to that group of eddies whose dimensions are comparable with the 
tube diameter. 48 

c. The resulting increased amplitude of vibration caused by the 
"resonant" condition generates vortices at the frequency of oscillation (by 
virtue of the tube's motion through the fluid) and the phasing necessary to 
continue the vibration, giving rise to a type of vibration self-excitation. 

d. The process is reenforcing, with the potential of leading to large­
amplitude destructive vibrations and eventual tube failure. 

·As discussed in Ref. 16, the concept is intuitively appealing, with 
Owen's work providing :insight and initial experimental evidence to support 
the hypothesis. Owen's development is based on gas flow and has not been 
verified in liquids. 
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C. Fluidelastic Whirling 

When a flow crosses single- and multirow tube arrays, and the flow 
exceeds a certain critical value, a large whirling vibration of the tubes is 
possible, as shown by Connors. 49 The vibrations are of a self-excited or 
fluidelastic nature in that, once initiated, the vibration amplitude will grow 
even to cause tube impact and severe tube damage. Connors explained this 
fluidelastic excitation mechanism as the momentary displacement of one ~ube 
in an array from its normal equilibrium position, altering the flow field, 
thereby upsetting the force balance on neighboring tu_bes and causing them to 
also change their positions in a vibratory manner. If, during a cycle of vibra­
tion, the energy extracted from the flowing fluid by the tubes exceeds the 
energy dissipated by damping, a fluidelastic vibration is established. Connors 
characterized the threshold velocity above which fluidelastic inst~bUities 
occur. 

1. Col'mors' Thl'eshold Veloclly 

Based on wind-tunnel test results from a single row of smooth 
cylinders (T/d = 1.41), cou"pled with quasi-static measurements of fluid 
forces, Connors showeq the stability boundary to be defined .by the empirical 
relationship 

whP.rP. 

and 

~ = 9. 9( mo 5oJ/2 (9) 
fnd pdz 

vt = mean flow\relocity between adjacent tubes, 

fn = natural frequency of tube, 

d ~ outer diam.eter of tube' 

m 0 = virtual mass of tube per unit length (equals the mass of the tube 
itself, plus the added mass of the displaced fluid), 

60 = logarithmic decrement of tube in still fluid, dimensionless, 

p = mass density of fluid. 

His experimentally determined stability diagram is shown in Fig. 24. 

By rearranging Eq. 9, we can express the threshold velocity (VT) 
in a ge~eral form by 
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( 10) 

where KT is proportionality factor, 
which, for Connors' experiment, 

·is 9.9. 

After Connors' investigation 
of fluid instabilities in wind-tunnel 
tests, several other authors 50

-
53 also 

investigated this instability experi­
mentally, using different tube patterns 
and spacings and fluids other than air: 
liquids and two-phase (air and water) 
mixtures. Pettigrew51 plotted his test 
results with others, as shown in 
Fig. 25. Two data points from single­
row water-flow tests by Halle and 
Laurence 52 ha,ve been added (assuming 
a log-decrement damping value of 
0.1), and are in good agreement with 
their results for a liquid. Also shown 

are experimental results53 from airflow tests on overhung spans of finned 
U -tubes simulating a sodium-to-air heat exchanger. For this geometry and 
spacing, the proportionality factor is about 15. It appears that the propor­
tionality factor is near 6.6 for liquid and two-phase mixtures. Hartlen22 

·pointed out t~at the factor (fnd)- 1 is approximately proportional to the tube­
span-to-diameter ratio, which does not vary greatly for typical designs; thus, 
V 1/fnd.depends primarily on the shell-side flow velocity. The fluidelastic 
instability boundary in liquid flow appears to overlap with that for vortex 
shedding, as shown in Fig. 25. Therefore, it may not be possible to deteCt 
two distinct mechanisms in practice . 

. Because the fluidelastic instability boundary and reduced velocity 
associated with vortex shedding overlap for a 11 liquid ·system, 11 steam gener­
ators designed to have tube natural frequencies greater than the calculated 
vortex-shedding frequency are generally also safe from the standpoint of 
fluidelastic excitation. However, since the proportionality factor depends on 
tube-bundle geometry andspacing, the results given in Figs. 24 and 25 should 
be used for design guidance only. 

Blevins54 recently developed a two-dimensional analytical model 
for fluidelastic whirling of a tube row in eros sHow, based on the as surriptions 
that the tubes are not excited by vortex-shedding and jet-switching mechanisms. 
Hi"s conclusions on model studies are as follows: 

a. The critical velocity is a function of the natural frequencies 
and damping factors of tubes in both coordinate directions. 
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b. The critical velocity increa-ses sharply with the separation 
of the natural frequencies of adjacent tubes. 

c. The critical velocity increases as the number of tubes in 
the row decreases. 

d. A tube row bounded on one side by a wall and on the other 
side by a fixed tube can have a lower critical velocity than if the same tube 
row were bounded by ~ixed tubes. 

D. Jet Swit'ching 

When: a flow crosses a closely packed tube array, the fluid forms jets 
as it is·sues from the gap betweeri the tubes. Roberts55 first observed a jet-

. switching mechanism in a single-~ow tube array. Later, Connors49 also in­
vestigated the mechanism in connection wi~h fluidelastic whirling of tubes. 
Conriors noted that the jet-switching mechanism is of secondary importance 
in the self-excited vibration of tube arrays. Roberts and Connors explained 
this mechanism as follows. 

If tubes are widely spaced, g1V1ng a small solidity ratio,* the individual 
jet .remains parallel. ·If the solidity ratio is about 0.45 or greater, a jet pair 
appears as shown in Fig. 26a. When the tubes are displaced a sufficient 
amount, alternately one upstream and one downstream, the jet pairing can be 
switched back and forth as shown in Fig. 26b. 

v -

(a) Jet Pairing in an 
Aligned Row 

v 

High 
Drag 

(b) Switching of Jet Pairing Caused by 
S~reamwise DisplacemF-nt of Tubes 

Fig. 20. Jet Pairing from a Single Row of Tubes. (From Ref. 49.) 

·Roberts observed, and Connors confirmed, that jet switching is accom­
panied by an oscillatory drag force with amplitude variations of about 20%. 
Connors noted that a wide wake (diverging jets) behind a tube cc;>rresponds to 

*The ratio of the cylinder-filled portion of the cross section to the total cross section. 
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a lower drag force, while a narrow wake (converging jets) corresponds to a 
higher drag force. Roberts reported there is. a finite time involving entrain­
ment of fluid by the jets that prevents jet switching if V 1 /fnd < 75, 

E. Turbulent Pressure Fluctuations in ParaUel Flow 

Parallel-flow-induced vibration problems had.not been considered in 
reactor or steam-generator component design until Burgreen et al. 56 experi­
mentally investigated rod vibration in axial flow. Later, Paidous sis 57 - 59 

formulated an equation of motion and performed a stability analysis. He cor­
related analytical results with experimental test results to illustrate the 
phe~omenon of fluidelastic instability of tubes that can occur when axial flow 
velocities exceed certain critical values. Chen60

- 69 extended Paidoussis' work 
to include, among other things, a study of the effects of support conditions, 
Coriolis force, pulsating flow, and in-plane and out-of-plane stability of 
curved tubes conveying fluid. The critical velocities are sufficiently high to 
exclude such instabilities in steam generators. 57 •59 At subcritical flow veloci­
ties, the predominant effect of the flowing fluid is to reduce the natn:ra.l fre­
quency of vibration and to give rise to a fluid-exCitation mechanism associated 
with the random pressure fluctuations in the turbulent boundary layer. 

Prediction of response to turbulent wall-pressure fluctuations is more 
difficult than the stability problem, since it requires mathematical character­
ization of the forcing function. Several authors 70

-
75 have developed methods 

of predicting tube-displacement responses with a probabilistic approach using. 
random vibration techniques. ·In these studies, the excitation mechanism has 
been identified as the random pressure fluctuations generated by turbulent 
eddies in the flow. Many experimental test ;results are availahle/6

- 83 giving 
the statistical properties of the wall-pressure fluctuations beneath a turbulent 
boundary layer. Results from these studies are used in a phenornenological 
model for the random pressure field used in developing an equation to predict 
response. 72 Application is limited by lack of information on the pres sure field: 
specifically, the effects of upstream disturbances and adjacent structures. 

F. Hydraulic Noise 

. Hydraulic noise, which refers. to the absolute pressure fluctuations 
traveling through the loop system, may cause vibrations and associated tube 
fretting. Card84 investigated the effect of hydraulic noise on n~clear-fuel 
vibration by building a quiet loop in which various types and levels of hydraulic 

·noise are added upstream of the tube bundles, using noise generators. He ob­
se.rved that tube vibration is sensitive to hydraulic-noise characteristics, and 
that less pressure-tube fretting occurred in a horizontal arrangement than in 
a vertical one. 



V. VIBRATIO.N ANALYSIS 

A difficult task the nuclear it:1dustry has faced for some time is the 
·prediction of vibration characteristics and response of steam-generator in­
ternal components to reduce the possibility for vibration-induced failures. 
Presently, it is difficult to accurately predict the dynamic behavior of steam­
generator components because of the limitations of current technology and the 
lack of experimental results. This section describes available analytical 
procedures, based upon state-of-the-art technology, for evaluating the vibra­
tion characteristics and response of steam-generator components. The im-
portant considerations in performing a vibration analysis are outlined here. 
Details of selected items are discus sed in Sees. A- E below. 

( 1) Shell--side flow velocities. Shell- side cross- and parallel-flow 
velocities must be estimated at typical areas. The critical regions are shell­
side inlets/ outlets, bend regions, the first span away from shell- side inlets/ 
outlets (transition region), and a typical parailel.:.flow region. Critical areas 
may arise in different positions other than specified above because flow dis­
tributions depend upon the mechanical arrangement of the system; such critical 
areas remain to be identified. 

(2) Added mass. When a structure vibrates in a fluid, the fluid gives 
rise to a two-part fluid-reaction force, which can be interpreted as an added 
mass and damping contribution to the dynamic response of the structure. 
When a single tube is immersed in an fnfinite fluid medium, the virtual mass 
of the tube is the mass of the tube itself plus the added mass of fluid displaced 
by the tube. 75 For a closely spaced tube array, the concept of added rna ss _ 
must be extended to an added mass matrix that is a function of tube spacing 
and/ or adjacent boundaries. 85 • 86 Added mass can significantly reduce com­
ponent natural frequencies and must be included in a vibration-response 
analysis. 

(3) Reynolds number. Reynolds numbers at the regions identified in 
Sec. V. A below should be calculated before any vibration- response analysis 
is performed, because vibration analysis parameters are expressed as a func­
tion of Reynolds number (see Sec. IV) .. 

(4) Natural frequency of tube vibration. A fundamental need in any 
vibration analysis is to estimate the component natural frequencies, since 
resonant conditions with exciting frequencies and fluidelastic instabilities 
must be avoided. Both in-plane and out-of-plane vibration in bend regions 
must be included, along with the effects of baffle-hole clearances and baffle 
thicknes·s on tube vibration. Axial forces and creep can also affect the natu­
ral frequencies. 

(5.) Vortex shedding. Vortex shedding and lift and drag-forces were 
discussed in Sec. IV.A. Vortex-shedding frequencies must be separated from 
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the natural frequencies of the tubes to avoid a resonant condition. Nelms and 
Segaser 1 suggested a separation factor of 3 if flow velocities cannot be predicted 
accurateiy. To compute response, drag and lift forces must be estimated. 
The corresponding static deflection of a tube must be calculated and combined 
with others, if any. Assuming the tube may vibrate out of phase, the maximum 
resultant deflection must not exceed half of the gap between the tubes to avoid 
tube-to-tube collision. 

(6) Turbulent b~ffeting frequency .. Turbulent buffeting was discussed 
in Sec. IV. B. To avoid resonant conditions, the dominant buffeting frequency 
must be separated from natural frequencies of the tubes. 

(7) Fluidelastic instabilities in crossflow. Fluidelastic instabilities 
in crossflow were discussed in Sec. IV. C. When a crossflow velocity exceeds 
a certain critical value, a large whirling vibration of tubes is possible. The 
threshold velocity, dependent on damping and tube- bundle geometry, should be 
calculated and· shown to be significantly less than design flow velocities to 
avoid large- amplitude vibrations of the tubes. 

(8) Jet- switching mechanism. The jet- switching mechanism was dis­
cus sed in Sec .. IV .D. For a closely packed tube array, the fluid forms a jet as 
it issues from the gap between the tubes. The induced gap velocity must be 
less than threshold level to avoid jet- switching effects. 

(9) Damage-number concept. Thorngren87 considered two types of 
vibration-damage sources: tube-to- baffle impact and tube-to- tube calli sion. 
His "damage numbers" are based· on the assumptions that the lift-force coef.:. 
ficient equals 3, there is 40% contact area between tube and baffle, and the in­
duced shear stress is less thap. the fatigue stress. 

(10) Fluidelastic instabilities in parallel flow. As discussed inSec. IV.E, 
large-amplitude vibrations of tubes are possible when a parallel-flow velocity 
(shell side or tube side) exceeds a certain critical velocity. ln presell;t steam­
generator designs, the critical velocity is sufficiently high that such instabili­
ties will not occ1.n·.· 

( 11) Predi.ction of s)..lbcritical vibration amplitude in parallel flow. 
Small-amplitude tube vibrations are possible even at flow velocities much 
smaller than the critical velocities for fluidelastic instabilities. Several 
existing methods can be used to estimate such subcritical vibration amplitudes. 

( 12) Acceptance criteria. It is difficult to specify a complete set of 
acceptance criteria applicable to any steam- generator design. However, as 
a minimum, it is generally required that (1) the maximum combined stresses 
associated with each excitation mechanism and other forms of loading must 
not exceed the ~ndurance limit, to avoid fatigue failure; (2) the maximum ex­
pected displacement must be less than half the minimum gap between tubes, 



to avoid tube-to-tube impacting; and (3) in predominantly crossflow regions, 
the natural frequency of tube must be sufficiently greater than both the max­
imum expected vortex- shedding f:r:equency and the critical frequency as so­
ciated with fluidelastic whirling to ensure that resonance and fluidelastic 
instability, respectively, will not occur. Despite satisfying th·e above criteria, 
fretting and wear at the tuhe- support locations can be a problem. 

A. Shell- side Flow Velocities 

The shell- side fluid-flow' veiocities· must be determined before flow­
induced vibration analysis because analysis parameters ·are functions of these 
velocities. The flow velocities vary across the tub~ bundle and also along the 
tube span. The state of the art is inadequate to predict a~curate shell- side 
distributions. 

Tinker88 suggested that the average shell-side crossflow velocities be 
computed as the volumetric shell- side flow rates divided by average cross­
flow areas such that 

where 

·and 

= W/Po 
~· 

V 0 = mean shell- side flow velocity, 

W = shell- side mass flow rate, 

= w.eight density of fluid, 
Po 

A 0 = average· crossflow area. 

( 11) 

The average crossflow areas (A.0 ) at the centerline of a circular cylindrical 
unit are given as follows :88 

For a .triangular tube pattern, A 0 

for a square tube pattern, .Ao = a..[DBt . p 

( 1.2) 
(Contd.) 
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for a rotated square tube pattern, A 0 = 1.4140'~DBt . p 

where 

Q' = constant (Tinker 88 suggests a value of0.97), 

g = gap between adjacent tubes, 

p = pitch of tubes, 

D B = outer-diameter limit of tube bundle, 

and 

t = length of tube span between tube supports. 

(Contd.) 
(12) 

In Eqs. 11 and 12, the area between the shell and the tube bundle is 
neglected' and only 97o/o of gap area between the tubes' is used. The average 
shell- side parallel-flow velocities could be calculated in a simllar manner. 
There is no established method for computing the flow.velocities; velocities 
range from 2 to 20 it/sec i:ri present steam generat~rs. 

B. Added Mass 

When a tube array is immersed in a shell- side fluid medium, the 
added mass of the tube is no longe·r the. mass of fluid displaced by the tube, 
but it is affected by adjacent tubes and the shell- side wall or shroud that sur­
rounds the tube bundle. The added mass can be expressed in general by 

where 

and 

mf = added mass of fluid external to tube per unit length, 

CM = added mass coefficient, 

p = mass density of fluid, 

d = e:xternal diameter of tube. 

( 13) 

If a single tube is immersed in an infinite fluid medium, GM = 1. In 
other words, the added mass of the tube is the mass of fluid displaced by the 
tube.· 



The added mass of the tube in a compressible-fluid annulus (see 
Fig. 27) has been reported by Chen and Wambsganss, 75 and their expression 
of CM is 

where. 

Ji,Yi = Bessel functions of the first and· second kinds, nf order i, 

and 

TUBE. 

.a 

b 

= 
= 

wd/2c, 

wD/2c, 

Ul = vibration frequency, 

c = velocity of sound in fluid, 

d = outer diameter of. tube, 

D = diameter of rigid duct to co.nfine the fluid annulus. 

. FLUID 

Fig. 27 

Tube in a Compressible-fluid Annulus 

o--

(14) 

Chen and Wambsganss explained the added mass of a tube in a com­
pressible fluid annulus as follows:· 

The added mass coefficient c'M depends on the frequency, sound veloc­
ity, diameter of tube and duct, as can be seen from Eq. 14. Results of compu­
tation for various diameter ratios (Fig. 28 and Table II) show that the added 
.mass coefficient CM is insensitive to the parameter a = wd/2c. Ln. general, 

·a is small; therefore; the fluid may be assumed to be incompress·ible. Fig­
ure 14 shows that the boundary effect is important when the tube is relatively 
close to the duct ~all, L e.;: D/ d < 3. · 

reduces to 
·I{~ tube is immersed ·in an incompressible fluid annul~s, Eq. 14 

. . .. 
(15) 

53 



54 

10 

D/d 

100 

TABLE II. Added MilSS Coefficient (CM) for 
Various Rod/Wall-diamtlter Ratios (D/d) 

--·----------

ot:Aa 0.00001 0.001 0.1 

------------------
1.02 50.50873 50.50894 .51.03145 
1.04 25.51164 25.51169 25.77994 
1.06 17.18247 17.18247 17.36652 
1.08 13.02014 13.02013 13.16222 
1.10. 10.52454 10.52456 10.64147 
1.2 5.54548 5.54549 5.54615 
1.4 3.08334 3.08335 3.12611 
1.6 2.28206 2.28206 2.28241 
1.8 1.89287 1.89287 1.9?497 
2.0 1.66667 1.66667 1.69715' 
4.0 1.13333 U3334 !.!643! 

Fig. 28. Added Mass Coefficients (CM) for 
Various Rod /W all-:diameter Ratios 
and a = 0.001. (From Ref. 75.) 

6.0 1.05714 
8.0 1.03175 

10.0 1.02o"20 
----------· 

1.05715 ·1.09265 
1.03175 1.07267 
1.0202! 1.06R07 

Tht:! dft::c.:l ufiluitl vi~;cusily un Lh~ cu.ldt:!d Uld.~l:i d.nd Ud.UljJing uf d. l'UU 
vibrating in a fluid annulus wa~ also evaluated in a theoretical/ experimental 
study. 89 

The added mass of a cylinder confined by hexagonal arrays of six sim­
ilar cylinders was studied experimentally in Ref. 89. A method of analysis 
has been developed at ANL for calculating the added mass tensor of a group 
of circular cylinders vibrating in a liquid. 85

• 86 The method cah be applied to 
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Fig. 29. Added Mass Coefficients for 
Seven-tube Hexagonal Array 
and Nine-tube Square Array.' 
(From Refs. 85, 86, and 89.) 

a group of circular cylinders arranged in any 
tube pattern, and the cylinders may have dif­
ferent diameters. Typical results for a seven­
tube hexagonal array and a nine·tube square 
array are show11 i'n Fig. 29. 

C. Natural Frequency of Tube Vibration 

To avoid detrimental tube vibration, 
resonant conditions must be .!;>\lppJ."eS$ed by 
ensuring separation of natural frequencies of 
the.tubes and exciting frequencies. Many tech­
niques are available for computing natural fre­
quencies of tubes. For example, the tube can 
be assumed to be a continuous beam interme­
diately supported by baffles, with tubcsheets 
at both ends. State-of.,.the-art techniques can 
be applied on the. assumption that intermediate 
baffles act like "knife-edged hinge" supports. 
However, in reality, baffles have a certain 
thickness, and inherent tube.:.to-baffle hole 
clearances are associated with manufacturing 
tolerances. Several authors 21

•23 •90 - 92 studied 



the effects of these parameters on tube vibrations; however, it is premature 
to draw any general conclusions. The axial force and long-term creep phenom­
ena can also affect the natural .frequencies. ··Creep apparently has a negligible 
effect on altering the vibration characteri sties of the tubes in current steam 
generators. 16 

1. Single- span Straight Beam 

The natural frequencies of bending vibration of a uniform tube can 
be calculated from93 

( 16) . 

where 

fn = . natural frequency of nth mode of tube, 

E = modulus of elasticity, 

I = momen.t of inertia, 

t = length of beam between supports, 

mo = virtual mass of beam per unit length; 

and 

A.n = frequency factor of nth mode. 

The virtual mass of the tube m 0 equals the sum of three mass 
components: 

where 

mt = mass of tube per unit length, 

tni = mass of fluid inside tube per unit length, 

and 

mf = added mass ·of fluid external to tube per unit length (see Sec. IV. B). 

The frequency factor A.n depends on the end conditions, and is a 
function of the dl.mensionle s s ax~al force (r) given by 

r = (17) 
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where FA is the axial force applied to the tube. Chen and Wambsgans s 94 

tabulated values of An for the first five natural frequencies in the range of 
r from -10 to 10, with three types of end conditions: both ends fixed, both ends 
simply supported, and one· end fixed with the other end simply supported. Some 
of these values are listed in Table III to show the extent to which the natural 

' . 
frequency of a· ttihe increases with axial tension and decreases with axial 
compression. 

r 

-10 
-5 

0 
5 

10 

-10 
-5 

0. 
5 

10 

-9.8 _, 
0 
5 

ro 

TABLE III. Frequency Factor (An) of a Single-span 
Straight Beam with Three Types of 

End Conditions (From Ref. 94) 

End Conditions 

Both F,nns Fixed 

19.410 .S7. 808 116.739 195.520 294.101 
20.949 59.778 118.839 197.702 296.33 7 
22.374 61.674 120.902 199.860 29R. 555 
23.704 63.512 122.931 201.994 300.758 
24.957 65.290 124.925 204.107 302.945 

Orie End Fixed, One Simply Supported 

11.021 45.468 99.635 173.582 267.293 
13.413 47.770 101.968 173.942 269.673 
15.418 49.965 104.248 178.269 272.031 
17. 177 52.067 106.479 180.568 274.369 
18.760 54.083 108.664 182.837 276.687 

Both Erids Simply Supported 

0.830 34.230 83.783 152.935 241.791 
6. 933 36.893 86.290 155.394 244.227 
9.870 39.479 88.826 157.914 246.740 

12. 114 41.904 91.29.2 160.394 249.228 
14.003 44.196 93.693 162.837 251.690 

2. Single- span Curved Beam 

Whenever the central line of the unstressed beam is a plane curve 
and itR plane is a principal plane of the beam at each point, the vibrations of 
a curved beam can be classified as flexural vibrations of the beam irt its plane, 
and flexural vibrations involving both displacement at a right angle to the plane 
of beam and twist. For steam- generator tubes, the in-plane and out- of-plane 
motions are uncoupled. 



The frequencies of a uniformly curved beam are obtained from 
Ref. 95: 

( 18) 

where R is the radius of curvature, and 8 is the subtended angle (in radians) .. 

a. In-plane Motion. The beam is c~nsidered to be inextensible; 
inextensional theory predicts that the fundamental mode is asymmetric. In 
reaiity, this is true for a large sU:btended angle. When e is small, the funda­
mental frequency is associated with thefirst symmetric mode, and the fre• 
quency factor may be approximated by that for a corresponding straight beam 
whose length is the same as the arc length of the _curved beam. 

The frequency factors for in-plane motion based on the inex­
tensional theory are given in Ref. 94 and plotted in Fig. 30. 

b. Out-:- of-plane Motion. Th·~ frequency. factor for out- of-plane 
motion depends on the subtended angle e, the stiffness ratio r, and support 
conditions. The stiffness ratio is given by 

.GJ 
r = EI' 

where J is the polar area moment of inertia of the beam, C is the shear mod­
ulus of elasticity, and the other parameters are the same as those of straight 
beams. For a circular or square cross .section, 

1 
r = 1 + 11; 

therefore r depends on ..1:-'oisson' s ratio 1l only. J:o'requency factors for ·q = U.5 

and three types of end conditions are given in Ref. 94 and plotted in Fig. 31. 

3. Multiple- span Beams 

Several different methods of analysis can be used to calculate the 
natural frequencies of continuous beams:·· the kayleigh-Ritz method, the 
matrix-iteration method,96 the receptance method. 97 the wave-propagation 
method,"4 the finite-element method, and the conventional method of solving 
the equation of motion directly. Chen and Wambsgans s 94 showed a simple 
graphical method for calculating natural frequencies of straight and curved 
beams with multiple spans of equal length, using the dynamic three-moment 
equation. 68 • 69 The finite-element method can be used to compute the natural 
frequencies of unequal span lengths and nonuniform continuou? beams, using 
available computer codes such as NASTRAN and SAP4. 98 When the finite­
element technique is used, at least three beam elements per span are required 
to obtain good estimates of the natural frequencies up to the sixth mode. 91 

5T 



58 

>­
'-' z .., 

0 

5 80 .., 
e: 

0 

90 180 270 
SUBTENDED ANGLE, degrees 

(a) Both Ends Simply Supported 

90 180 270 
SUBTENDED ANGLE, degrees 

(c) Both Ends Fixed 

360 

360 

0 90 180 270 360 

SUBTENDED ANGLE, degrees 

(b) One End FLxed, Other End Simply Supported 

Fig. ::!U 

Frequency Factors for In~ plane 
Vibration of Curved Beam with 
Three Conditions. (From Ref. 94.) 



~ 120 
1-
u 
~ 
>­
<...> 
z ..... 
i5 80 ...... 
a: .... 

0 

0 

90 180 270 
SU8TENDED ANGLE, degrees 

(a) Both Ends Simply Supported 

90 180 270 
SUBTENDED 'ANGLE, degrees 

(r.) Borh Ends Fixed 

360 

360 

~ 

-~ 120 
1-
u 
~ 
>­
<...> 
z ..... 
:::> 
0 ..... 
a: .... 

0 90 180 270 360 
SUBTENDED ANGLE, degrees 

(b) One End Fixed, Other End Simply Supported· .. 

Fig. 31 

Frequ·ency Factors for Out-of-plane 
Vibration of Curved Beam with 
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Lee99 • 
100 also has studied the natural frequencies of heat-exchanger 

tubes; he concludes that: 

a. For a U- bend configuration, torsional flexibility decreases 
the n.atural frequencies, and the out- of-plane modes generally have lower fre­
quencies than the in-plane modes. 

b. An incomplete ring of a single span would have natural fre-
quencies lower than tho.se of a straight beam of equal length. 

c. To maximize the natural frequency, the longest span should 
be next to the tubesheet. However, if the fluid-dynamic excitation acts mainly 
on that span, there appears to be an advantage to shortening it, resulting in an 
overall reduction of vibration amplitude. 

A survey of heat exchangers showed that the U- bend region of tube 
bundles experienced the greatest number of tube failures. The flow field in· 
the bend region is not clearly understood. It is therefore suggested LhaL, Lu 
avoid vibration problems, the unit should be designed so that there is no ap­
preciable flow in that region. 1 Vibration suppressors in the form of bars are 
sometimes mounted in bend regions to reduce the tube vibrations. 

4. Effects of Tube-to- Baffle-hole Clearance and Baffle Thickness 

Sebald and Nobles 21 conducted a test to study the effect of tube-to­
baffle-hole clearance on the natural frequency of tubes using an eight- span 
symmetric tube model (Fig. 32a); baffle thickness was held constant (7/8 in.). 
Their test results, plotted in Fig. 32b, show that the natural frequency of a 
tube decreases as tube-to-baffle-hole clearances increase. The bandwidth of 
significant amplitudes about the peak appears to increase abouL seven tin"le~ 
over that corresponding to zero hole clearance; the increase appeared to be 
relatively independent of the magnitude of clearance in the range tested. 

Moretti and Lowery90 studied the effect of baffle thickness on the 
natural frequency of tubes with constant hole clearal"lc;:e when the baffle is 
placed near the center of a fixed-fixed.beam. Their test results show that the 
natural frequency .of a tube decreases as the baffle thickness increases. 

A nume:dcal and experimental study of a cantilevered beam with a 
motion-limiting stop at the free end23 shows that: 

a. A single-mode approximation 'for displacem.ent-response 
calculation may not be valid for beam/ stop interaction. 

b. The entire bea~ rebounds with a velocity proportional to that 
of the striking velocity. 

c. The displacement response of beam/stop impact model is a 
quasi-narrow band process, whose spectral density curve has a predominant 
peak. 
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In addition to the tube-to-baffle-hole clearance and baffle thick­
ness, the baffle-hole shape may affect the natural frequency of a tube. Bruce 
Nuclear Power Station Steam Generator 101 has trilobar branched holes instead 
of circular holes; the influence of that geometry on tube vibration characteris­
tics is not known. 

5.. Tube- baffle Impact 

Because of the relatively small clearances between tubes and 
baffle, it is realistic to' assume that if the tubes vibrate at all, some contact 
or impact will occur. ·Among other things, the impact affects the vibrational 
characteristics and response of the tubes; for example, motion between stop::; 
effectively increases the frequency of free vibrations. Also, impact forces 
·and velocities are important, because they relate to increased bending stress, 
contact stress, and wear. 

In regard lu.luue-baffle-holc clearance and damage d1.1e t.n impact-
ing 1 it is instructive to consider the following illustration: 102 Assume "damage" 

is proportional to impact velocity vi · 
(tube-to-tube support) which, in turn, 

0 8 

Fig. 33. Hypothetical Curve of Tube Impact Velocity 
vs Tube-to-l:laffle-hole Clearance 

is a function of initial clearance 5. 
A plot of vi versus & might take thP. 
form of the curve shown schematically 
in Fig. 33. We can expect V· ~ 0 for 

. 1 

5 = 0, and vi = 0 for 5 very large (no 
contact occurs), with a maximum 
somewhere 1n between. It is generally 
assumed that decreasing tube- baffle­
hole clearance minim1zes the pot~ntial 
for impact damage. However, Fig. 35 
shows that, with a minimum clearance 

set by manufacturing requirements, wheth.er or not de signing to a minimum 
clearance helps depends upon which side of the maximum in Fig. 33 the re­
quired minimuzn lies. 

To ga.i1< insight into the impact phenomenon, Chen et al.9 2 theo­
retically studied a force- excited beam supported at the ends, with motion­
limiting stops at the midpoi1it, and developed a method for soh1tion. Briefly, 
the method inVOlVeS detel'l1.1ining the II groS 5 11 Steady- state motion f:rom a 
single-mode approximation in whichthe system i's reduced to a bilinear vi­
brating model. Results from the approximation serve as initial conditions in 
a classical modal analysis in which many modes are included to describe the 
dynamic stresses and forces resulting from impacting. Finally, a computer 
code is used to calculate displacement, shearing force, aq.d bending stress of 
a beam with motion- constraint stops at the midpoint. 

D. Damage- number Concept 

Two types .of vibration damage appear to be prevalent in eros sflow 
regions of steam generators: (1) tube-to-baffle impact, and (2) tube-to-tube 



collision. Thorngren87 deduced "damage numbers" for the two types of dam­
age, based on the assumptions that the tube is supported by baffles and de­
flected by a uniformly distributed lift force (CL = 3.0 in Eq. 4). 

For tube-to-baffle impact, the baffle damage number has been formu­
lated on the further assumptions that the induced shear stress in the tube at 
the baffles must not exceed the fatigue stress of the tube material, and that 
40o/o of the tube eros s- sectional area is effective shear area. The baffle dam­
age number (N BD) is given by 

where 

and 

dpV 2t 2 

= 
~ ISmgcAmBt' 

N BD < 1 for safe design, 

~ 1 = tube-to- baffle-hole clearance factor, 

= 1. 0 for a tube- to- baffle-hole clearance of 1/32 .in., 

= 1. 25 for a tube-to-baffle-hole clearance of 1/64 in., 

(19) 

Sm = maximum allowable fatigue stress (ASME Pressure Vessel 
Code, Sec. III), 

Am = cross-sectional tube metal area: (d 2
- dprr/4, where d and di 

are outer and-inner diameters of tube, respectively, 

gc = gravitational constant, 

Bt = bafflethickness, 

p - mass density of shell-side fluid, 

V = free- stream velocity, 

t = length of tube between supports. 

For tube-to-tube collision, a collision damage number has been formu­
lated on the further assumption that the maximum deflection of a tube at the 
midspan should not exceed SOo/o of the minimum gap between the adjacent tubes 
to avoid collision. The collision damage number (N CD) is given by 

NeD = 
0. 625 dpV 2t 4 

( 20) 
~4 ( 2 z.) ' IgcAm d + di CTE 

where 

NeD < 1 for safe design, 

CT = minimum gap between adjacent tubes, 
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E = modulus of elasticity, 

and 

d, di = outer and inner diameters of. tube, respectively. 

Erskine and Waddington103 pointed out the weakness of the above equa­
tions by examining 19 failure cases of heat exchangers. They suggested the 
need for a correction factor to the baffle-damage number (NBD). However, 
the need for a correction factor remains to be verified by examining additional 
failure data.· 

E. Prediction of Subcritical Vibration Amplitude in Parallel Flow 

When a tube is placedin a fluid flowing parallel to its axis with flow 
velocities exceeding a certain critical value, fluidelastic instabilities are pos­
sible. 57 ' 58 However, small- arnpliLuut:: LuLt:: v ib1·ations are possible even at flow 
velocities very much smaller than the critical velocities for fluidelaotic insta­
bilities. 59 Such subcritical vibration has the potential for· causing damage due 
to fretting and wear. Several existing methods to predict subcritical vibration 
amplitudes of tubes are reviewed in this section. Paidoussis 104

.1°5 has published 
a critical review on this subject. 

1. Empirical Expression for Peak Amplitude 

B1.1rgrP.P.n et al. 56 were the firs.t to conduct an experiment to inves­
tigate vibration of tubes in a fluid flowing parallel to the tube axis. Based on 
dimensional analysis, they developed an empirical relationship between ampli­
tude of tube vibration, and i:l. nurn.ber of system parameters such as fluid den­
sity, flow veloci.ty, geometric and material properties, fluid viscosity, vibration 
frequency, and hydraulic diameter. The test was conducted with water near 
room temperature. Quinn106 later derived an analytical expressiqn for the 
amplitude of vibration. Paidoussis 107 pointed out that the expression contained 
parameters and constants that were not evaluated, and their relation to the 
geometry and properties o:£ a given system was not de scnbed. Paidous sis J.(l?, lOR 

collected the sets of available experimental measurements since Bur green et al. 
published their empirical expression. Comparison of these data with the ex­
pression showed discrepancies up tu 10 tin~es for water tests, and up to 100 times 
for superheated- steam tests. Paidoussis then developed a new empirical ex­
pression. based on all available data, which is given by 

(21) 

where 

Kp = flow- condition constant, 

D. = maximum vibration amplitude at midspan, 



and 

d = outer diameter of tube, 

0' 1 = first-mode beam eigenvalue of the tube, 

u = dimensionless flow velocity = (mf/EI)11 2ut, 

IDf = added mass. of fluid external to tube per unit length, 

u = mean axial flow velocity, 

t = length of tube, 

E - modulus of elasticity of tube material, 

I = area moment of inertia of tube section, 

€ = tj d, 

Re = Reynolds number, 

dh = hydraulic diameter, 

13 = mlj(mf + mt + mi), where mt = mass of tube per unit length, 

Kp = flow- condition constant, 

= 1 for quiet-flow condition, 

= 5 for realistic disturbance level. 

The agreement of Eq. 21 with experimentally measured data is 
reasonable, as indicated in Fig. 34, which shows a large discrepancy at low 
flow velocities. This may be due to mechanically transmitted vibration and 
to other "system" characteristics, which are overshadowed at higher flow 
velocities. 104 

C::J QUINN 

0 SOGREAH 

~ ROS TROM & ANDERSON 

C) At\iDOUSSIS 6 SHARP 

Fig. 34 

Agreement between Measured and 
Prt:dktecl Amplitudes of Vibration 
according to Paidoussis' Empiricai 
Expression. (From Ref. 104.) 
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Since the vibration is random, as discus sed below, Paidous sis 104 

addresses the meaning of maximum amplitudes as follows: 

"In this empirical expression (Eq. 21) the question arises as 
to what does the 'maximum' amplitude of vibration (t,) represent, 
recalling that the vibration is random. An answer to this was 
given by Reavis 70 who said that it is 1 

••• the maximum displacement 
from equilibrium to be expected if one were to scan through an 
oscillograph record of rod vibration about 5 £t in length. This 
length of record corresponds to the author 1 s experience that a 
data sample is about two arms 1 lengths long. The author con­
jectures that the experimenters discus sed in this paper, 56• 

105 too, 
scanned vibration-oscillograph records of comparable length. 1 

Although from the theoretical point of view this is an unsatisfac­
tory answer, it is a reasonable one from the practical point of 
view." 

2. RMS Displacement Expression 

Wambsgans s and Boers 71 identified the displacement response as 
a problem in random vibration. In their experiment, the resulting motion was 
forced-vibration excited by the random pressure fluctuations generated by 
turbulent eddies in flow. The random.,-vibration approach was later developed 
by Reavis, 70 Gorman, 74 Chen and Wambsgans s, 72

' 73 ' 
75 Kanazawa and Boresi, 109 

and Ohlmer et al. 110 The assumptions made in these methods are as follows: 104 

a. The ·motion in any one plane is representative of motion as a 
whole; the random-pressure field is accordingly translated to an equivalent 
lateral force field. 

b. All far-field pressure-fluctuation components are neglected, 
as well as pressure components arising from turbulence induced by supports, 
grids, etc., and from boiling and flow-regime changes. 

c. No correlation is assumed between the pressure fields on 
adjacent cylinders (in the c.ase of multicylinder structures). 

d. The m.ob on of a cylinder is assumed to have no effect on the 
pressure fiel.d or on the motion of adjacent cylinders. 

e. 
homogeneous. 

£. 

The process io a::n;urnt:J to be ergodic and the prcGGure field 

The cylinder is lightly darnp.ed, and reoponse in the first mode 
of the cylinder is considered to be dominant. 

The rms displacement expression developed by Chen and 
Wambsganss 75 is perhaps the most rigorous method of those mentioned .above. 



They used wall-pressure measurements by Bakewell81 on a body of revolution, 
and those of Clinch, 80 as well as their own. : 9 Based on the results of a param­
eter study, a design relationship for estimating the rms displacement of a · 
flexible tube in axial flow was developed: 72 

where 

and 

32 

28 

24 
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0 

-
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4 

0 

Yrms(x, U) 
( 0 . 0 l 8 0 ) d 1 . 5cp 1 (X) ip g. S ( U ) 

( 22) 

Yrms. = rms transverse displacement of tube (in.), 

U = mean axj.al flow velocity (ft/ sec), 

cp 1 (x) = fundamental mode, 

= cp 1(x) = .J2. si.n(nxjt), 0 < x < _t for both ends simply supported, 

= cp 1(x) = cosh(4.73xjt) cos(4.73x/t)- 0.983[sinh(4.73x/t) 

- sin(4. 73x/t)], 0 < x < t for both ends clamped~ 

cp 0 - intensity of near-field mean- square spectral density of pres­
sure in low-frequency range (lb 2 - sec/in. 4 ). 
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Equation 22 is given in terms of 
tube natural frequency, damping fac'tor, 
and the intensity of the mean- square spec­
trum of the pres sure field in the low­
frequency range. All three are functions 
of mean axial flow velocity. Curves of 
damping factor and pressure spectra are 
given in Figs. 35 and 36. 72 These curves 
were obtained from measurements on a 
1/2-in. -dia rod in a 2-in. -dia flow channel 
and can be considered typical of what one 
can expect from axial flow excitation. Fig­
ure 35 shows that, for a given mean axial 
flow velocity, mean- square spectral den­
sity of near-field wall pressure (<I>p) is 
relatively flat out to a "break frequency.'' 
Therefore, in the Strouhal-number range 
s < 2.5, 

Fig. 35, Equivalent Viscous Damping Fac­
tor (61) as a Function of Mean Axial 
Flow Velocity (U) for a 0.5-in.-dia, 
46-7/8-in,-long Brass Rod with 
Fixed-Fixed Ends. (From Ref. 72.) 

In .E:q. ?..2, ettects of fluid viscos­
ity are implicit in the damping (C 1 ) and 
pres sure spectrum ( ip 0 ) terms. In generaL 
the effect of increasing viscosity will be to 

6i/ 
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increase the damping. 89 Viscosity is not expected to have a significant effect 
on the magnitude of the turbulent wall pressure fluctuations as characterized 

by if1o: 
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Fig. 36 

Family of Near-field Mean-square Wall­
pressure Spectra (<f>p) as a Function of 
Strouhal Number (Sv). (From Ref. 72 .. ) 

Amplitudes are of primary importance, since the mode of failure 
most likely will be fretting or wear:_ However, for those cases in which stresses 
are of concern, they are easily obtained from displacements_ given by 

[ ay(x, U )Jrms ::: 
Ed() 

2
Y rms (x, U) 

2 bx2 

or, in terms of midpoint displacement, by 

where a prime denotes differentiation with respect to x. Values for the mode 
shape cpl' and its second derivative cp~', are tabulated in- Ref. 111. 

Although the rms displacement response is useful, a complete 
description of the random signal requires knowledge of the probability law 
describing the amplitude distribution. The amplitude distribution is found to 
be a Gaussian distribution. 72 

The agreement of Eq. 22 with experimentally measured data is 
reasonable, as shown in Fig .. 3 7. 

In addition to the expressions to predict the vibration amplitude 
of a tube in parallel flow, as discussed above, Chen37 also developed a para­
metric vibration model based on the assumption that the fluctuating velocity 
of the turbulence about the mean velocity excites the flexural vibration of 
tubes in the same way that periodic changes in the compressive load on a 
column may cause parametric instabilities. Data on two-phase axial flow are 



limited. How~ver, Pettigrew and (Jorm:an conducted an experiment on a 48-Hz 
heated cylinder and found that the vibration amplitude was generally largest 
at steam qualities between, l 0 and 25%. 112 
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VI. VIBRATION TESTING 

As discussed in Sees. IV and V, the state of the art of flow-induced vi­
bration analysis is such that, while certain design guidelines are available, 
methods to predict vibration response are generally lacking. Consequently, 
the manufacturer must resort to testing to verify that his design is safe from 
the standpoint of flow-induced vibration. Testing, however, can be very ex­
pensive, and .consideration must be given to reducing costs as may be possible 
through the testing of scale models, foreshortened models, or sectors. With 
an expected design life of 20 yr or more, a different aspect of testing also be­
comes important: vibration monitoring during operation. As a unit accumu­
lates a large number of hours of operation, internal components may wear 
(e.g., at support locations) with a resultant change in vibrational characteris­
tics that may, in turn, result in an increased susceptibility to flow-induced 
vibration. 

A. Model Testing 

To reduce the uncertainties associated with geometric scale modeling, 
proposed tests generally require the use of prototypic tubes and supports. 
Because of the cost and inherent difficulties in working with liquid sodium, 
water is used to simulate shell-side fluid. Therefore, despite the fact lhat the 
structural model is prototypic, the test must still be considered a model test, 
since the 'liquid sodium is simulated by water. Therefore, consideration must 
be given to the important simulation parameters. Figure 38 shows the 
fluid properties of water and liquid sodium as given in Refs. 113 a·nd 114, 
rP. specti vely. 
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The three basic steps in establishing modeling laws from a dimensional 
analysis are :51 (1) selection of the significant independent variables involved in 
the phenomer:ton, (2) application of the Buckingham 11 Theorem, and ( 3) develop-· 
ment of similarity requirements by equating 11 terms for prototype and model. 
A steam-generator hydraulic-model test involves the modeling of continuous 
structures in incompressible fluid flow. Wright and Bannister115 considered 
this modeling problem. Their selection of independent variables is as follows: 



and 

L = characteristic length, 

Ps = structural mass density, 

T] = Poisson's ratio, 

C = damping factor, 

Cs = longitudinal velocity of sounc;l in structure, 

F = force amplitude, 

w0 = frequency of driving force (e.g., vortex shedding frequency); 
natural frequency of structure if broad-band random excitation, 

U 0 = flow velocity of fluid, 

p = mass density of fluid,, 

v = kinematic viscosity of fluid. 

Since l 0 independent variables have been identified as being significant, 
by the Buckingham n Theorem there are seven (the number of independent vari­
ables minus the number of fundamental dimensions) similitude requirements 

· (n terms) for valid dynamic -model tests; these are 

= (wL, 
Cs 

F 
2 2> 

pcsL T]' c' 
Ps 

p 

u 
(2 3) 

Noting that Cs = ~E/ p s, it can be shown that rr 1 represents the ratio of 
inertia forces to elastic forces, and n 2 represents the ratio of the driving force 
to the elastic force; n 3 is Poisson's ratio; n 4 is damping; and n 5 is the ratio of 
material to fluid densities; TT6 can be expressed in the form of a Strouhal num­
ber by dividing it by n 1 and taking the inverse to obtain wL/U. Alternatively, 
rr 6 can be expressed in the form of the fluidelastic parameter (pU2L 4)/(EI) by 
using the relationship cs = .JF,jps, introducing I (cross-sectional area moment 
of inertia), and dividing by rr 5 ; n 7 is recognized as the Reynolds number. 

Since the velocity of sound in the fluid and the gravitational force are 
not considered important independent variables for the modelin,g problem con.:. 
side red, familiar similitude parameters associated with these variables, spe­
cifically the Mach number and Froude number, respectively, do not a:ppear 
among the n terms. 

In many cases, as with a steam-generator hydraulic-model.test, all 
similarity requirements cannot be satisfied simultaneously. In these cases, 
the model is said to be distorted. Young116 lists three possible procedures for. 
handling distorted models: 

1. Neglect certain variables that may be only slightly significant but 
lead to the distortion, 
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2. Determine the effect of the distortion, analytically, 

3. Determine the effect of the distortion, empirically. 

For example, it is generally not possible to simultaneously satisfy Strouhal 
nwnber (rr6) and Reynolds number (rr 7 ). Of the two, the Strouhal number is the 
more important in considering flow-induced vibrations and fluidelastic inter­
action; the Reynolds nwnber gen~rally is sufficiently high that dynamic fluid­
elastic phenomena are practically independent of it. 115

•
117 For example, as can 

be seen from Fig. 14, the Strouhal number is independent of Reynolds number 
over a broad range that includes most steam-generator operating conditions. 
-Neverthe.less, Reynolds number should be checked to ensure that 11 operating 
conditions 11 are not in the critical or transition range as defined in Fig. 14. 

Development of scaling laws, which account .for model distortion and 
allow the use of model test results to predict prototype behav:lor, requires an 
understanding of flow-induced vibration pheHuuH::na. If the functionnl relation­
ship between the response arid similitude parameters (rr terms) is known, a 
cor.rection factor can be derived to account for the distortion in the model; an 
exan.1.ple is outlined below. 

Consid.er the problem of using ruotiel t.est results to predict the rms 
response of steam-generator tubes to parallel flow. The model is assumed 
to be geometrically similar and to be tested at room ternperature. Model dis­
tortion is caused by prototypic temperature effects on material and fluid prop­
erties and the fact that liquid sodium is simulated by water, which is more 
dense and has a greater viscosity than liquid sodium. Equation 22 describes 
the rms displacement of a flexible tube in axiC~-1 flow. Among other things, the 
dir:;plac:P.ment is shown to be proportional to the square root of the intensity of 
the rrtean- square spectral density of the near -field wall-pressure fluctuations 
in the low-frequency range. An experimental study72 

'·
79 of the wall-pres sure 

fluctuations on the surface of a cylinder in axial flow has shown the frequency 
distribution of the mean- square pressure qip to be approximately flat out to a 
cutoff frequency (£0 ) as shown in Fig. 36. Consequently, the mean- square pres­
sure can be expressed as 

(24) 

o:r, fr.om the shape ·or the curve, we can write 

( 2 5) 

The rms pressure can be written using an rms pressure coefficient Cp defined 
as 

<pz>l/2 = c ( 1 uz) . p 2P ; ( 2 6) 



Cp has been shown to be approximately constant. 79 Further, the cutoff fre­
quency f0 can be characterized by a Strouhal number (see Fig. 36) 

fodh 
Sv = -- = constant. 

·U 

Combining Eqs. 25-27 allows us to write 

(2 7) 

(28) . 

(The parameter grquping on the right-hand side of the proportionality relation­
ship given by Eq. 28 represents a normalization factor employed by many in-: 
vestigator s in presenting spectral data on wall.,-pres sure fluctuations; see 
Ref. 79 for a discussion of its applicability.) 

Substituting Eq. 28 into Eq. 22 and rearranging terms gives 

Yrms o: (L\1/2(dh)1/2(L)1/2_e_(_!!__)3/2(..!.)1/2~K .(.1..) + ~-
1

-
L cp1 tl L d p w1L · C Cl P ' 

s 1 s 
(29) 

where Ko is a constant including the added mass coefficient, the ratio of the 
are~ of fluid displacement by the cylinder to the cross-sectional area of the 
cylinder,· anc:l the inside cross-sectional area pf the tube. As a function of the 
rr terms defined by Eq. 23, Eq. 29 takes the fprm 

(30) 

The geometry and supports are prototypic in the subject tests; consequently, 
we can write 

and 

TTo = Yrms [ -3/2 -1/2 -1 3/2(u- -1 + l)-1]. · L cc n1 rr4 '!is '!i6 ... >()'!is · 

Let -~n represent the distortion of the nth TT term such that 

(rrl)m = ~lrrl, 

(rr4)m ;;;: ~4rr4, 

(rrs)m = ~srrs, 

( 31) 

where the subscript m refers to the model. The correction factor 61 ·to account 
for the ciistortion can then be written. 
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(32) 

Similar analyses and computations of correction factors can be carried 
out to predict prototypic response to other excitation forces, provided the func­
tional relationship between the response and TT terms is known. 

If it can be assumed that the tubes in a steam generator respond pri­
marily as single- span beams between support locations, rather than as beams 
on multiple supports, then it is generally valid to test foreshortened models, 
provided a sufficient number of 11 center 11 spans are retained to ensure the de­
velopment of representative flow over a typical section. This reduces the size 
and cost of the model. However, decreasing the num'ber of spaul:l Ut!L:l't~d.::n~s 

the modal density (i.e., the number of natural modes to be found in a given 
frequency range); the consequences of this should be considered. 

Flow-induced vibration testing using sectors varying from 120° to 30° 
have been proposed and carried out. Using sectors raises several questions 
that must be dealt with: these are related to the following: 

l. Some steam-generator designs include only one inlet nozzle. Con­
sequently, the irilet flow distribution around the circumference of the unit can­
not be expected to be uniform. The problem that arises is to select and test 
a representative sector out of the available 360°. 

2. Testing a sector requires the introduction of solid walls. The ef­
fects associated with the presence of solid boundaries must be accounted for. 

3. Dependent on design, supports, and flo~ velocities, shroud and/or 
baffle vibration could be a problem in the prototype. In general, testing of a 
sector will not allow simulating shroud and baffle dynamics. 

In a steam-generator system consisting of evaporator and superheater 
units, the tube-side flow in the evaporators ranges from single phase (water) 
at the inlet to two phase (water-steam) at the outlet; in the superheaters, the 
tube- side fluid is steam. In general, the tube- side flow velocities are suffi­
ciently low that the flow will not act as a significant excitation mechanism, nor 
wUl it appreciably affect vibration characteristics of the tubes. In testing a 
superheater, the tube-side fluid can be neglected on the basis of its density 
being negligible compared to that of the tube and the added rnass of sodiun1. .. 
It might be argued that for an evaporator unit, the tube-side fluid should be 
simulated by stagnant water to achieve a conservative test from the standpoint 
of vortex shedding and fluidelastic instability. 

In general, a test should be designed to allow overtesting, say, by 
l 0- 20o/o, to account for uncertainties in the modeling and to ensure that the de­
sign operating conditions are sufficiently separated from any thresholds of . 
instability. As alluded to above, one should also design for conservatism; for 



ex~mple, since prototypic values of damping are most often not available, 
damping in the model should generally be minimized. 

B. Surveillance Methods 

Because of the adverse enVironment (high-temperature liquid sodium), 
.vibration monitoring during operation must necessarily rely on external, shell­
mounted sensors. The problem that arises relates to properly interpreting 
the measured time histories to determine the dynamic response and/or to de­
tect changes in the dynamic response of internal components (e.g., tubes, tube 
support members, and shrouds) as .a function of operating conditi~ns or length 
of service. 

The vibration of a tube within a tube bundle sets up a 11 disturbapce" in 
the flowing fluid that propagates through the tube bundle to the steam-generator 
shell. The signal is necessarily attenuated as it propagates through the tube. 
bundle, and this attenuation must be understood and accounted for·in interpret­
ing signals from shell-mounted sensors. Toward this end, Kristiansen and 
Fahy118 reported a theor·etical study presenting a simple theory for sound dis­
sipation in crossflow tube banks. In addition to attenuation within the unit, the 
signal sensed by shell-mounted transducers is also contaminated by extraneous 
noise associated with turbulence and structure-borne vibrations. Randall119 

discusses the application of noise-analysis techniques (e.g., cross-spectral 
densities and coherence) to deter~ine the vibration and impacting of tubes 
within a heat exchanger. 
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VII. CONCLUDING REMARKS 

A. Summary 

To avoid flow-induced vibration, the designer can increase the stiffness­
to -rrias s ratios of the structure, reduce flow velocities, and increase damping. 
However, there is obviously a limit to the extent these palliatives can be ap­
plied sine e, for example, stiffening the structure implies additional supports, 
which will increase the pressure drop; and reducing the flow velocities will 
decrease the heat-removal rate and t_hus decrease performance. Both mini..: 
mum flow velocities and maximum allowable pressure drop are fixed from 
heat-transfer/ fluid-flow consideratio~s. 

SP.veral excitation mechanisms (e.g., vortex-sheuu.i.ug and fluidelastic 
whirling) have been identified, and design guidelines are available. To account 
for uncertainties, it is necessary to allow for a margin of safety. However, 
designing to give a tube natural frequertcy two to three tin1es greater than the 
maximum expected vortex- shedding frequency, or ·designing for a critical flow 
velocity associated with fluidelastic instability to be two to three times· the 
maximum velocity, will most likely result in an overly conservative design. 
Such a design has the natural potential for increasing costs and sacrificing 
performance. 

Consequently, optimization of a design with respect to size, cost, and 
performance, without compromising reliability or safety, requires an in-depth 
under standing of the excitatiofi mechanisms and Lhe.i.1· characterization, and tho 
availability of experimentally validated rnethods of analysis. The state -of -the­
art survey reported in the preceding sections indicates that existing methods 
of analysis are.inadequate to accurately p1·ed.i.ct the vibration characteristics 
and response of steam- generator internal cornponents and·, therefore, to allow 
for de sign optimization. Also, de sign-verification testing, in general, will not 
yield information sufficient to assess 11 how safe 11 a given design is. 

An additional point that deserves emphasis is that the designer should 
.consider the severity of the potential excitation mechanisms and, as possible, 
should design to avoid the more serious ones. For example, it is recognized 
that crossflow has a greater potential than parallel flow for exciting tube vi­
bration.· Consequently, crossflow regions should be minimized and parallel­
flow regions designed into th~ units; as discussed in Sec. ll, the more recent 
LMFBR steam-generator designs reflect this consideration. 

In summ:ary, progress is being made in the development of a better 
under standing of flow-induced vibration phenomena and, consequently, .i.n the 
development of improved methods of analysis- -for example, in the areas of 
parallel-flow-induced vibration, vortex shedding, and fluidelastic whirling. 
However, additional base-technology studies are required to resolve critical 
problem areas and uncertainties associated with present methods of analysis 



and design guidelines and, thereby, to provide for improved predictive design 
capabilities and the corresponding assurances of reliability and safety of com­
ponents over their de sign life. Some specific areas requiring future research 
are listed in Sec. B below. 

B. Future Research Areas 

l. The three dominant excitation· mechanisms associated with 
crossflow-induced vibration of tube arrays are: (a) vortex shedding, (b) fluid­
elastic whirling, and (c) turbulent buffeting. 

Chen37 has studied vortex shedding in tube bundles, using results 
from wind-tunnel tests. While well-defined vortices were measured behind 
the center. tube in a 5 x 5-tube array, the effect of bundle size and whether or 
·not "well-organized" ·vortex shedding even exists de.ep inside closely spaced 
tube bundles remains to be established. Chen's tests were performed with 
rigid tubes, and the effect of fluid/ struCture interaction on vortex shedding in 
tube banks requires study. All reported experiments involving tube banks have 
been designed to achieve, as reasonably as possible, ideal crossflow; the ef­
fects of nonuniform and skewed flows have not been reported. With skewed 
flow' the tube bank can be expected to a:ct as a flow straightener with an accom­
panying increase in pressure drop, or loss· of energy, which may be reflected 
in the vibration response of the tube. 

Connors49 demonstrated the fluidelastic whirling vibration of tube 
rows and bundles that can occur when the crossflow velocity exceeds a critical 
value. The instability can be characterized by a reduced velocity and a damp­
ing parameter, with the "stability boundary" defined by 

___..! - K -----u_o V (rn_f>)l/2 
fnd - T pdz ( l 0) 

The proportionality constant KT is a.function of system geometry (finned or 
smooth tubes, and tube spacing) and the number of tubes in a bundle; additional 
study is required to understand how KT is affected by these design variables. 
Because of the dependence of stability on damping, improved techniques for 
measuring and estimating damping in tube bundles are required. Also, as can 
be observed from Fig. 25, with a liquid on the shell side, as contrasted with a 
two -pha·se fluid or gas' the critical velocity parameter for vortex shedding is 
in the same range as that for fluidelastic whirling. The potential for these 
two excitations to interact and, perhaps, reinforce each other deserves 
consideration. 

In regard to turbulent buffeting within tube. banks, additional ex-. 
perimerital results are required to evaluate Owen's hypothesis 48 regarding the 
existence of a dominant turbulent buffeting frequency, and to determine its re­
lations hip, if any, to vortex shedding. 
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2. The added mass of fluid and viscous damping are well knoWn for 
a single cylinder immersed in an infinite fluid medium. The effect of fluid 
viscosity and annular gap has been recently investigated by Wambsganss and 
Chen. 89 However, added mass and the coupling effect of tube rows and bundles 
remains to be established. Toward this end, Chen is developing a method to 
compute the added mass -coefficient matrix de scribing the hydrodynamic . 

. forces acting on a given tube in a row or bundle of tubes_vibrating in a fluid 
medium. 85

•
86 In matrix format, the diagonal terms are proportional to the hy­

drodynamic force acting on a given cylinder due to its own acceleration, while 
the off-diagonal terms represent the coupling and ~re proportional to the hy­
drodynamic force due to the acceleration of adjace;,.t tubes in the tube row ~r 
bundle. 

;3, Tube-support thickness, tube-to-suppo1·t-hole clearance, support­
hole shape, support spacing, and misalignment canmarkeuly affect the vibra-. 
tion characteristics of steam generators. Some of these parameters have re~ _ · 
ceived limited study/1 •

23
•
90

- 9?. the results o.C which do not yet lend themselves 
to prediction of response for a given design. A theoretical analysis relating 
to tube-baffle impact has been performed. 92 Although the model was restric­
tive, it should prove useful in defining the fundamental theoretical and experi­
mental work required to under stand and evaluate the effects of variations in 
the parameters cited above. 

4. Shell- side flow-velocity distributions at the inlet -outlet regions, 
bent-tube regions, and other critical areas must be eE)timated prior to vibra­
tion analysis, sinee the vila·ation pararneters arc cxprcoocd in terms o£ flow 
velocities. Currently, there is no established method to estimate flow veloc­
ities. Experimental work is needed to investigate flow-velocity dist1· iuution 
as a function of inlet/outlet sizes, tube sizes and spacings, baffle spacing and 
openings, bypass areas, and other geuruetd.c pararneters_, and to develop mea­
surement techniques. 

5. Prediction of the vibration response to flow-induced excitation 
sources is generally more difficult than prediction of resonant and instability 
conditions. This is because prediction of vibration response requires mathe­
matical characterization o£ the fluid-forcing function, in addition to satisfac­
torily modeling fluid/ structure interaction and having a knowledge of fluid flow 
velocities as discussed it:J- items 2-4 above. The oscillating drag and 'lift forces 
associated with vortex shedding are generally assumed to be hanrwuic at fre­
quencies equal to twice and unity, respectively, of the vortex-shedding fre­
quency. The problem is that of selecting the proper value for force coefficients; 
the available experimental data show considerable scatter. Additional infor­
mation is required on correlation lengths and the interaction effects of tube 
motion on features related to lift and drag forces. In general, the shell-side 
flow velocities are of such a magnitude that parallel flow-induced vibration 
caused by turbulent boundary-layer pressure fluctuations is not a problem. 
However, additional work would be required to predict response to this exci­
tation source, for example, to evaluate the effect of adjacent tubes and upstream 
flow disturbances that might be generated by support grids. 



6; Because of the limitations in the development and applicability of 
state -o·f-the -art methods of analysis for flow-induced vibrations, model tests 
are generally relied upon for final d;esign verification. However, even upon 
completion of hydrat!lic -model tests, there remain uncertainties and a lack of 
confidence in applying the test results to predi~t prototype. behavior. Scaling 
laws must be develope·d; this, in turn, requires an in-depth understanding of 
the basic phenomena involved, as well as knowledge of the functional dependence 
.of the parameter characterizing a particular phenomenon on the similitude 
requirements. 

7;. There is· a need for improved methods of vil;>ration monitoring and 
surve.illance. For example, methods are required to account for the attenua-. 
tion of disturbances as.sociated.with the vibration of tubes within a bundle, and 
for the use of this information in interpreting results from shell-mounted 
transducers. 

8. Fretting and wear at tube-support locations are one of the more 
important of the potential failure mechanisms. If one assumes a 30-year life_ 
and requires a wear of less than l/30th of the tube-wall thickness per year, 
the level of the fretting rate is less than 5 X l o-9 m/hr .51 The required infor­
mation relating displacements and forces to wear are not available. The prob­
lem is further compli~ated by an expected "feedback effect" as wear increases 
clearances. 

When sufficient insight and understanding have been gained from base­
technology studies, such as those suggested above, the applicability of the re­
sults to the geometrical configurations and flow patterns of steam generators 
will have to be confirmed. This wiU necessitate instrumented flow tests with 
prototype or model steam generators. As a final step, the results will have 
to be put into a form (equation or graph) that is readily usable by designe.rs. 

7'9 
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